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En	effet,	 si	 la	 thèse	a	été	une	période	agréable	et	surtout	supportable,	c’est	parce	que	de	








Anne-Marie,	ces	quelques	mots	ne	seront	pas	suffisants	pour	 les	remerciements	que	 je	 te	




ton	 soutien	m’ont	permis	de	m’améliorer	de	 jour	en	 jour.	Nos	 longues	discussions	 sur	 les	
résultats	 d’expériences	 et	 l’accompagnement	 que	 tu	 m’as	 donné	 m’ont	 soutenu	 dans	 ce	
long	 chemin	 vers	 la	 connaissance.	 Tu	 as	 toujours	 été	 très	 conciliante	 avec	moi	 et	 tu	m’as	
laissé	 la	 liberté	 suffisante	 pour	 que	 je	 puisse	 tester	 ma	 curiosité	 scientifique.	 Tu	 as	
rapidement	su	comment	mon	esprit	fonctionnait,	à	tel	point	que	maintenant	je	vois	que	tu	
peux	 comprendre	 exactement	 mes	 difficultés.	 Merci	 pour	 ces	 projets	 qui	 m’ont	 toujours	
passionné	et	m’ont	permis	de	rester	tout	le	temps	la	première	optimiste	face	aux	résultats.	
Et	même	si	on	peut	penser	que	 les	protocoles	étaient	 longs	et	bien	malgré	 tout…	tu	m’as	
donné	 le	 goût	 à	 la	 recherche.	 Et	 malgré	 mes	 incertitudes	 et	 mon	 mauvais	 caractère	 qui	

















à	aider.	Dès	ton	entretien,	 j’ai	 tout	de	suite	su	que	 l’on	s’entendrait	à	merveille	 toutes	 les	
	 4	
deux.	 Ton	 efficacité	 et	 ton	 entrain	 m’ont	 permis	 d’avancer	 et	 de	 surpasser	 mes	 limites	
professionnelles.	 Il	ne	m’a	fallu	seulement	2h	pour	te	faire	une	confiance	aveugle	pour	 les	
expériences,	faisant	de	toi	mon	âme-sœur	du	labo	!Tu	as	été	aussi	une	binôme	dans	le	sport	





















Mais	 surtout	 merci	 d’avoir	 été	 ma	 première	 «	copine	»	 du	 labo,	 ce	 soutien	 que	 tu	 m’as	
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Merci	à	ma	 team	 running,	Laurence,	notamment	pour	 ton	endurance	mais	aussi	pour	 tes	
conseils	et	ton	implication	dans	ma	recherche	d’emploi,	Géraldine,	pour	m’avoir	donné	déjà	
la	 passion	 de	 l’immunologie	 en	 licence	 mais	 aussi	 pour	 ta	 présence	 pour	 aller	 courir	 et	
d’avoir	toujours	été	attentive,	Karl,	de	participer	à	nos	courses	pour…	qu’on	te	court	après,	
car	tu	cours	plus	vite	(ça	doit	être	parce	que	je	suis	petite).	J’espère	que	vous	continuerez	à	
courir	 ensemble,	 et	 qu’on	 fera	 des	 courses	!	Merci	 à	Marion,	 pour	 sa	 gentillesse	 et	 sont	
organisation	des	rencontres	du	jeudi,	désolé	encore	de	n’avoir	pas	pu	plus	m’impliquer	mais	
je	préfère	donner	l’idée	et	participer	!	J		
Merci	 aux	 bureaux	 KB	 pour	 leur	 présence	 et	 leur	 convivialité.	 En	 particulier	 Christelle,	
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ces	 repas	 réunionnais	 qui	 ont	 réveillés	 et	 affolés	mes	 papilles	mais	 aussi	 celles	 de	 tout	 le	








Et	 pour	 finir,	merci	 à	 ces	 nombreuses	 souris,	 tout	 particulièrement	Bouboule,	 Vibrato	 et	
























































































































































































































































































































Je	me	 suis	 intéressée	au	 cours	de	ma	 thèse	aux	 complications	hépatiques	qui	 sont	
liées	à	l’obésité	et	à	l’abus	d’alcool.	Les	lésions	hépatiques	qui	apparaissent	au	cours	de	ces	
abus	 alimentaires	 sont	 regroupées	 sous	 le	 terme	 d’hépatopathies	 métaboliques.	 Les	
atteintes	du	foie	qui	vont	apparaître	lors	de	ces	hépatopathies	vont	évoluer	de	formes	peu	
sévères	 à	 sévères	 pouvant	 aller	 jusqu’au	 cancer	 du	 foie.	 L’augmentation	 inquiétante	 de	
l’obésité	et	la	persistance	du	nombre	de	personnes	dépendantes	à	l’alcool	a	tristement	mis	
ces	 pathologies	 sur	 le	 devant	 de	 la	 scène	 ces	 dernières	 années.	 La	 compréhension	 des	








nombre	de	mécanismes	communs.		 Je	 vais	donc	dans	 l’introduction	 vous	présenter	 le	 foie,	
ses	fonctions	vitales	(chapitre	I)	et	son	immunité	bien	spécifique	(chapitre	II),	les	maladies	du	
foie	(chapitre	III)	mais	également	décrire	et	comparer	plus	en	détails	les	hépatopathies	liées	
à	 l’obésité	 ou	 NAFLD	 (chapitre	 IV)	 et	 les	 hépatopathies	 liées	 à	 l’abus	 d’alcool	 ou	 MAF	
(chapitre	V).	Le	dernier	chapitre	(chapitre	VI)	sera	consacré	au	microbiote	intestinal	dont	le	
rôle	 dans	 les	 hépatopathies	 métaboliques	 est	 désormais	 connu	 et	 qui	 représente	




















de	quatre	 lobes	 inégaux	dont	deux	 lobes	majeurs	 :	 le	 lobe	hépatique	droit,	qui	est	 le	plus	
volumineux	et	le	lobe	hépatique	gauche.	Entre	ces	deux	lobes	majeurs,	on	distingue	le	lobe	
carré	et	le	lobe	caudé,	qui	sont	séparés	par	un	sillon	appelé	le	hile	du	foie.	C'est	au	niveau	de	
















































et	 le	 transport	 de	 la	 bile	 jusqu’à	 l’intestin,	 comporte	 une	 partie	 intra	 et	 une	 partie	
extra-hépatique.	Les	voies	biliaires	intra-hépatiques	permettent	de	recueillir	la	bile	secrétée	
par	 les	 hépatocytes	 au	 niveau	 de	 chaque	 lobule	 hépatique	 dans	 l’ensemble	 des	 canaux	
biliaires.	Les	canaux	vont	former	un	canal	hépatique	commun,	qui	devient	extra-hépatique.	
Le	canal	extra-hépatique	se	joint	au	canal	cystique	pour	former	le	canal	cholédoque	qui	va	
jusqu’au	 duodénum.	 Dans	 l’intestin,	 la	 bile	 est	 utilisée	 pour	 la	 digestion.	 Stockée	 dans	 la	
vésicule	biliaire	 sous	 forme	concentrée,	elle	est	déversée	dans	 l’intestin	 lors	des	 repas	via	
l’ouverture	du	sphincter	d’Oddi.	
	
La	 double	 vascularisation	 du	 foie	 ainsi	 que	 l’architecture	 des	 voies	 biliaires	
s’organisent	avec	 les	hépatocytes	en	constituant	 les	unités	 fonctionnelles	du	foie	que	sont	





Schéma	 de	 l’organisation	 d’un	 lobule	 hépatique	 où	 l’on	 peut	 voir	 l’emplacement	 des	 cellules	 hépatiques	




Le	centre	du	 lobule	hépatique	est	occupé	par	 la	veine	centrolobulaire	qui	 rejoindra	
les	veines	sus-hépatiques	quittant	le	foie.	Inversement,	le	sang	artériel,	le	sang	portal	et	les	
canaux	biliaires	s’organisent	en	triade,	appelée	espace	porte,	aux	angles	du	lobule	hépatique	
hexagonal.	Ainsi,	 entre	 les	 travées	hépatocytaires	nous	 trouvons	d’une	part,	 les	 capillaires	

























Le	 foie	 est	 au	 centre	 de	nombreuses	 fonctions	 essentielles	 à	 l’organisme.	 Le	 foie	 participe	aux	métabolismes	
lipidique	et	glucidique	en	synthétisant	des	protéines,	en	redistribuant	et	transportant	les	nutriments,	ou	en	les	
stockant	 selon	 les	 besoins.	 Il	 participe	 aussi	 à	 la	 détoxification	 de	 l’organisme,	 notamment	 en	 éliminant	 les	
cellules	 sanguines	 sénescentes	et	en	produisant	 la	bile,	produite	de	 la	dégradation	des	déchets	métaboliques	























également	 dans	 le	 métabolisme	 protéique.	 Ses	 différentes	 fonctions	 anaboliques	 et	




glycogène,	 via	 la	 glycogenèse.	 La	 glycogénolyse	 assure	 la	 redistribution	 du	 glucose	 par	
hydrolyse	du	glycogène	stocké.	Par	ailleurs,	en	cas	de	carence	glucidique,	le	foie	est	l’organe	
produisant	 la	 plus	 grande	 quantité	 de	 glucose	 via	 la	 néoglucogenèse	 à	 partir	 des	 acides	
aminés.	
	











lipides	 hydrophiles,	 telles	 que	 les	 phospholipides	 et	 le	 cholestérol	 non	 estérifié	 et	 à	
l’intérieur	de	la	sphère	on	trouve	les	lipides	plus	hydrophobes	comme	le	cholestérol	estérifié	
et	 les	 triglycérides	 centraux.	 Cette	 organisation	 des	 lipoprotéines	 permet	 le	 transport	
optimal	des	lipides	aux	cellules,	notamment	le	cholestérol.	
Ces	 chylomicrons	 (amalgame	 d’Apo-A	 et	 -B)	 sont	 synthétisés	 au	 niveau	 des	
entérocytes	et	s’occupent	du	transport	des	 lipides	de	 l’intestin	grêle	vers	 les	organes.	Une	





Les	 graisses	 alimentaires	 sont	 métabolisées	 en	 acides	 gras	 pour	 être	 captées	 par	 les	 entérocytes	 (cellules	









en	 glycérol	 par	 la	 lipoprotéines-lipase	 plasmatique	 (LPL)	 présente	 dans	 les	 membranes	
cellulaires	des	tissus	périphériques.	Les	chylomicrons	ainsi	délestés	de	grandes	quantités	de	
TG	 sont	 appelés	 remnants	 de	 chylomicrons.	 Ces	 remnants	 vont	 circuler	 vers	 le	 foie	 dans	
lequel	 ils	 vont	 être	 pris	 en	 charge	 et	 restructurés	 en	 lipoprotéines.	 Parmi	 celles-ci,	 on	
retrouve	les	VLDL	(pour	l’anglais	Very	Low	Density	Lipoproteins),	qui	permettront	de	former	




Les	 LDL,	 contenant	 les	 Apo-B,	 -C	 et	 -E,	 ont	 un	 rôle	 de	 transport	 antérograde	 du	
cholestérol	(libre	ou	estérifié)	du	foie	vers	le	sang	et	à	travers	le	corps	pour	les	apporter	aux	






Il	 faut	 noter	 que	 si	 l’alimentation	 apporte	 25	 %	 environ	 du	 cholestérol	 dont	 un	
organisme	a	besoin,	les	75	%	restants	sont	synthétisés	par	le	foie.	Cette	synthèse	hépatique	
s’effectue	 au	 niveau	 du	 cytoplasme	 des	 cellules,	 à	 partir	 de	 trois	 Acétyl-CoA	 venant	 des	
péroxysomes	 pour	 former	 de	 l’hydroxy-méthyl-glutaryl-CoA	 (HMG-CoA).	 L’HMG-CoA	 est	
ensuite	réduit	sous	l’action	de	l’enzyme	HMG-CoA	réductase.		
Les	 hypercholestérolémies	 familiales	 sont	 généralement	 liées	 à	 des	 mutations	 des	
gènes	 du	 récepteur	 aux	 LDL,	 le	 LDLR	 (pour	 l’anglais,	 LDL	 Receptor)	 et	 entraînent	 des	
anomalies	 au	 niveau	de	 la	 production	 ou	 de	 la	 structure	 des	 LDLR.	Or	 les	 cellules	 du	 foie	
dépendent	 de	 ces	 LDLR	 pour	 capter	 le	 LDL-cholestérol	 de	 la	 circulation	 et	 permettre	 sa	
dégradation	 via	 la	 bile.	 Ce	 défaut	 de	 recyclage	du	 foie	 via	 le	 LDLR	 est	 une	 cause	majeure	
d’hypercholestérolémies.		
	
Les	 acides	 biliaires	 (AB)	 sont	 les	 produits	 du	 catabolisme	 du	 cholestérol	 qui	 se	
déroule	 dans	 le	 foie.	 Le	 cholestérol	 en	 excès	 rapatrié	 par	 les	 HDL,	 est	 dégradé	 en	 acides	







Les	 acides	 biliaires	 (AB)	 sont	 les	 produits	 du	 catabolisme	 du	 cholestérol.	 Le	 cholestérol	 est	 dégradé	 en	 AB	
primaires	 (acide	 cholique	 et	 acide	 chénodésoxycholique)	 par	 la	 7-α-hydroxylase.	 Ces	 AB	 primaires	 vont	 dans	
l’intestin	 via	 les	 voies	 biliaires	 où	 ils	 peuvent	 être	 transformés	 en	 AB	 secondaires	 (respectivement	 acide	
désoxycholique	 (CDCA)	 et	 lithocholique).	 Le	 CDCA	 peut	 être	 épimérisé	 dans	 l’intestin	 pour	 donner	 l’acide	
ursodésoxycholique.	 Ces	 AB	 peuvent	 retourner	 dans	 le	 foie	 via	 la	 veine	 porte.	 De	 faibles	 quantités	 d’AB	
primaires	ou	secondaires	sont	éliminées	dans	les	fèces	ou	les	urines.	
	
Les	 AB	 primaires	 (cholique	 et	 chénodésoxycholique)	 issus	 de	 la	 dégradation	 du	
cholestérol	 sont	conjugués	dans	 le	 foie.	Ces	AB	primaires	conjugués,	ou	sels	biliaires,	 sont	
excrétés	dans	la	bile	vers	l’intestin.	Dans	l’intestin,	la	bile	permet	l’émulsion	des	graisses	en	
micelles	 permettant	 l’action	 de	 la	 lipase	 pancréatique	 (figure	 4)	 et	 aussi	 l’absorption	 des	
vitamines	 liposolubles	 dans	 le	 duodénum	 et	 le	 jéjunum.	 Dans	 l’iléon,	 sous	 l’action	 des	
bactéries	 intestinales,	 les	sels	biliaires	sont	déconjugués	puis	 transformés.	L’acide	cholique	
est	 partiellement	 transformé	 en	 acide	 désoxycholique	 et	 l’acide	 chénodésoxycholique	
(CDCA)	 en	 acide	 lithocholique.	 Ces	 AB	 sont	 dits	 secondaires.	 Le	 CDCA	 peut	 aussi	 être	
épimérisé	pour	donner	l’acide	ursodésoxycholique	(UDCA).	
Les	 AB	 primaires	 et	 secondaires	 sont	 réabsorbés	 dans	 l’iléon	 et	 transportés	 par	 la	
veine	 porte	 vers	 le	 foie.	 Cette	 voie	métabolique	 est	 le	 cycle	 entéro-hépatique	 des	 acides	
biliaires.	
	 25	
Le	 rôle	 du	 foie	 dans	 le	 métabolisme	 des	 protéines	 est	 également	 essentiel	 à	
l’homéostasie	 de	 l’organisme.	 Il	 s’occupe	 de	 la	 majorité	 des	 synthèses	 des	 protéines	
plasmatiques	 de	 l’organisme.	 D’une	 part,	 le	 foie	 assure	 la	 synthèse	 de	 la	 majorité	 des	
facteurs	 de	 la	 coagulation	 tels	 que	 le	 fibrinogène,	 la	 prothrombine,	 ou	 encore	 la	
thromboplastine	mais	également	des	 facteurs	 anticoagulants	 comme	 l’antithrombine	et	 la	
protéine	 C.	 D’autre	 part,	 le	 foie	 synthétise	 d’autres	 protéines	 plasmatiques	 telles	 que	














met	 à	 la	 disposition	 de	 l’organisme	 en	 cas	 de	 besoin.	 Les	 lipides	 parvenant	 au	 foie	 sont	
transformés	 en	 triglycérides	 et	 stockés	 dans	 les	 cellules	 hépatiques	 et	 deviennent	 une	
source	d’énergie	majeure	 lors	du	 jeûne.	En	effet,	en	 réponse	aux	besoins	énergétiques	du	
corps,	 ces	 TG	 peuvent	 être	 dégradés	 et	 divisés	 en	 acides	 gras	 et	 utilisés.	 Le	 revers	 de	 la	











ce	 qui	 est	 utilisable	 par	 notre	 corps,	 comme	 nous	 l’avons	 vu	 dans	 le	 paragraphe	 sur	 les	
redistributions	des	nutriments,	et	transforme	les	substances	toxiques	en	produits	inoffensifs	
avant	de	les	éliminer.	
Le	 foie	 intervient	 notamment	 dans	 l’élimination	 des	 globules	 rouges	 sénescents	
considérés	 par	 l’organisme	 comme	 des	 éléments	 toxiques.	 En	 effet,	 les	 macrophages	
résidents	 du	 foie,	 les	 cellules	 de	 Kupffer	 (KC),	 sont	 capables	 de	 détecter	 les	 signaux	 de	
sénescence	des	érythrocytes	et	ainsi	d’entraîner	leur	phagocytose	et	leur	dégradation.	Lors	
de	cette	dégradation,	du	fer	héminique	et	de	la	bilirubine	sont	libérés.	Ce	fer	libéré	est	soit	
mis	 en	 réserve	 dans	 le	 foie	 en	 s’associant	 à	 la	 ferritine,	 soit	 recyclé	 rapidement	 par	 la	
ferroportine,	 un	 exportateur	 membranaire	 synthétisé	 par	 les	 KC,	 qui	 le	 transfère	 dans	 le	
plasma.	Dans	la	circulation,	ce	fer	est	capté	par	la	transferrine	qui	le	distribue	aux	différents	




La	 bilirubine	 libérée	 par	 la	 dégradation	 des	 érythrocytes	 est,	 quant	 à	 elle,	
extrêmement	 toxique	 tant	 qu’elle	 n’est	 pas	 transformée	 en	 bilirubine	 conjuguée.	 Le	 foie	
assure	donc	sa	conjugaison	et	son	élimination	via	la	bile.		
	
Le	 foie	 participe	 aussi	 au	 catabolisme	 protéique,	 c’est	 à	 dire	 à	 la	 dégradation	 des	




Le	 foie	 est	 aussi	 la	 première	 ligne	 de	 défense	 contre	 les	 organismes	 pathogènes	
(particules	et	bactéries	circulantes,	endotoxines	provenant	de	l’alimentation)	ayant	réussis	à	






d’autres	 cellules	 assurant	 chacune	 des	 fonctions	 différentes.	 Outre	 les	 hépatocytes,	 nous	






l’on	 appelle	 le	 parenchyme	 hépatique.	 Les	 travées	 hépatocytaires	 sont	 bordées	 par	 les	
sinusoïdes	hépatiques	constituées	par	 les	cellules	endothéliales	hépatiques	 (2).	C’est	entre	
cette	 barrière	 endothéliale	 et	 la	 travée	 hépatocytaire	 que	 l’on	 localise	 l’espace	 de	 Disse.	




Les	 hépatocytes	 sont	 organisés	 en	 travées	 entre	 lesquelles	 le	 sang	 circule	 lentement	 vers	 la	 veine	
centrolobulaire	 (flèches	 violettes).	 Les	 sinusoïdes	 sont	 délimités	 par	 une	 couche	 discontinue	 de	 cellules,	 les	
























Les	 cellules	 endothéliales	 sinusoïdales	 hépatiques,	 LSEC	 (pour	 l’anglais	 Liver	
Sinusoidal	 Endothelial	 Cell)	 qui	 constituent	 la	 paroi	 des	 sinusoïdes,	 ont	 la	 particularité	 de	
former	 un	 endothélium	 peu	 étanche	 contrairement	 à	 un	 endothélium	 classique.	 Cet	
endothélium,	 dit	 fenestré,	 permet	 le	 passage	 de	 nombreuses	 substances,	 en	 outre	 des	
nutriments	 essentiels	mais	 également	 des	 éléments	 pouvant	 être	 toxiques.	 Ces	 LSEC	 sont	
aussi	 capables	 de	 transporter,	 par	 endocytose,	 de	 nombreuses	 macromolécules	 et	 en	
particulier	les	lipoprotéines	VLDL,	HDL,	et	LDL.	
Les	 LSEC	 ont	 également	 la	 particularité	 unique	 de	 traitement	 et	 de	 présentation	
d’antigène,	 leur	 donnant	 les	 caractéristiques	 de	 CPA	 (Cellules	 Présentatrices	 d’Antigènes),	
dénommées	 alors	 «	 CPA-like	 ».	 Cette	 captation	 d’antigènes	 génère	 la	 production	 de	










substances	 de	 dégradation	 de	 cette	 matrice.	 Ces	 CEH	 sécrètent	 aussi	 des	 facteurs	 de	
croissance	comme	 le	 facteur	de	croissance	des	plaquettes,	 le	PDGF	 (pour	 l’anglais	Platelet	
Derived	 Growh	 Factor)	 et	 des	 cytokines	 comme	 le	 TGF-β (pour	 l’anglais	 Tumor	 Necrosis	
Factor	β)	qui	sont	impliqués	dans	la	fibrogenèse.		
Les	CEH	que	l’on	peut	retrouver	sont,	soit	activées,	stade	durant	lequel	elles	assurent	

















Le	 foie,	 en	 drainant	 le	 sang	 portal	 provenant	 du	 tube	 digestif,	 est	 potentiellement	
exposé	 à	 des	 antigènes	 provenant	 de	 l’alimentation,	 des	 bactéries	 pathogènes	 ou	 des	
fragments	de	bactéries	pathogènes,	voire	à	des	bactéries	commensales	provenant	de	la	flore	
intestinale	comme	nous	y	reviendrons	dans	le	chapitre	VI.	La	nécessité	d'une	réglementation	
immunitaire	 stricte	 est	 obligatoire	 pour	 éviter	 une	 réponse	 immunitaire	 générale	 au	




Le	 foie	possède	une	proportion	plus	élevée	de	cellules	 intervenant	dans	 l’immunité	
innée,	leur	rôle	est	d’éviter	tout	déclenchement	immunitaire	inapproprié.	Environ	45	%	des	
cellules	 non	 hépatocytaires	 sont	 des	 cellules	 immunitaires.	 On	 retrouve	 notamment	 des	
lymphocytes	(T,	B	ou	NKT)	et	des	cellules	NK	qui	représentent	environ	25	%	des	cellules	non	











































Répartitions	 des	 cellules	 et	 lymphocytes	 hépatiques	 comparées	 à	 la	 répartition	 des	 lymphocytes	 sanguins	
(encadré	 violé).	 Les	 cellules	 immunitaires	 ont	 été	 classifiées	 à	 droite	 selon	 leur	 appartenance	 au	 système	 de	
































































organes	 avec	 une	 présence	 de	 26	 %	 des	 NKT	 parmi	 les	 lymphocytes	 intra-hépatiques	
contrairement	 au	 sang	 où	 ils	 ne	 représentent	 que	 2	%	 des	 lymphocytes.	 Les	 lymphocytes	
NKT	 font	 aussi	 partie	 du	 système	 immunitaire	 inné	 et	 jouent	 un	 rôle	 important	 dans	 la	









jouent	un	rôle	 important	dans	 l'immunité	antivirale	et	anti-tumorale.	Elles	sont	 impliquées	














Le	 foie	 possède	 également	 un	 équipement	 de	 cellules	 résidentes	 immunitaires	
capables	de	capturer	et	de	présenter	des	antigènes	lorsqu’ils	arrivent	au	niveau	du	foie,	ou	
lorsque	 des	 endotoxines	 sont	 libérées	 lors	 de	 la	 mort	 des	 hépatocytes	 infectés	 par	 des	




Les	 LSEC	 dont	 nous	 avons	 déjà	 parlé	 qui	 forment	 l’endothélium	 fenestré	 des	
sinusoïdes	hépatiques	ont	également	un	rôle	immunitaire.	En	effet,	leur	position	les	met	en	
contact	continu	avec	les	antigènes,	antigènes	alimentaires	ou	organismes	pathogènes.	De	ce	
fait,	 les	 LSEC	 présentent	 un	 panel	 de	 récepteurs	 capables	 de	 reconnaître	 les	 antigènes,	
incluant	des	 récepteurs	 scavengers	qui	 reconnaissent	 les	 lipoprotéines	LDL	oxydées.	Outre	
ces	fonctions	de	captation,	les	LSEC	peuvent	avoir	une	fonction	de	CPA-like	dans	la	mesure	
où	elles	expriment	à	leur	surface	les	molécules	du	complexe	majeur	d’histocompatibilité	de	
classe	 I	 (CMH-I).	 Elles	 sont	 donc	 capables	 d’apprêter	 et	 de	 présenter	 des	 antigènes	 via	 le	
CMH-I	aux	cellules	T.	Les	LSEC	expriment	également	des	molécules	de	co-stimulation	telles	
que	 le	CD40,	CD80	et	 le	CD86	qui	vont	permettre	d’assurer	 l’activation	des	 lymphocytes	T	
suite	 à	 la	 présentation	 de	 l’antigène.	 Il	 a	 cependant	 été	 observé	 que	 les	 LSEC	 humaines	
n’expriment	 pas	 de	 façon	 constitutive	 les	 molécules	 de	 co-stimulation	 CD80	 et	 CD86,	




contrairement	 aux	 cellules	 dendritiques	 des	 autres	 organes	 tels	 que	 la	 rate.	 Cette	
particularité	 est	 liée	 à	 une	 présence	 constante	 d’endotoxines	 qui	 participe	 à	 la	 tolérance	
immune	du	foie	(8).	De	fait,	les	DC	hépatiques	sont	majoritairement	immatures	et	expriment	
peu	 de	 molécules	 de	 co-stimulation	 et	 de	 CMH-I	 à	 leur	 surface	 nécessaire	 à	 l’activation	
adéquate	des	lymphocytes	T	(9).	Lors	de	leur	passage	dans	les	sinusoïdes	hépatiques,	les	DC	








des	 CPA	 engagées	 dans	 l’activation	 des	 lymphocytes	 T	 et	 peuvent	 induire	 une	 réponse	
inflammatoire	 ou	 anti-inflammatoire	 (6).	 Par	 ailleurs,	 les	 pDC	 sont	 une	 source	 majeure	
d’IFN-α (Interféron-α),	cytokine	importante	dans	le	système	immunitaire	inné.	Inversement,	

















produit	 par	 les	 lymphocytes	 T	 a	 pour	 conséquence	 la	 polarisation	 des	 macrophages.	
Reflétant	 la	polarisation	Th1-Th2	des	 lymphocytes	T,	ces	macrophages	ont	été	classifiés	en	
deux	populations.	Les	macrophages	M1,	dits	classiques,	pour	leur	profil	«pro-inflammatoire»	




La	 différenciation	 des	 macrophages	 en	 macrophages	 M1	 se	 fait	 par	 l’IFN−γ,	 ou	
l’association	de	 l’IFN−γ	avec	d’autres	cytokines	comme	 le	TNF-α et/ou	par	des	 facteurs	de	
croissance	 comme	 le	GM-CSF	 (pour	 l’anglais	Granulocytes	Macrophages	 Colony-	 Stimuling	
Factor)	 (13).	 Cependant,	 le	 macrophage	 peut	 être	 directement	 activé	 par	 des	 stimuli	
microbiens,	 par	 exemple	 les	 endotoxines.	 L’activation	 des	macrophages	 par	 ces	 stimuli	 se	
fait	 pour	une	grande	partie	par	 la	 voie	d’activation	des	 récepteurs	 TLR	 (pour	 l’anglais	Toll	
Like	Receptors).	Ces	TLR	constituent	une	famille	de	récepteurs	transmembranaires	qui	sont	
impliqués	 dans	 l’immunité	 innée	 (14).	 Les	 TLR	 reconnaissent	 des	 motifs	 structuraux	
caractéristiques	 présents	 à	 la	 surface	 des	 pathogènes	 :	 les	 PAMP	 (pour	 l’anglais	






(Myd88,	 TRIF,	 NFκB)	 et	 permettent	 l’expression	 de	 gènes	 codant	 pour	 la	 sécrétion	 de	 cytokines	 pro-
inflammatoires.	Adapté	de	Abcam.	
	 37	
On	 retrouve	 des	 TLR	 situés	 au	 niveau	 des	 endosomes,	 les	 TLR	 3,	 7,	 8,	 9	 qui	




qui	 reconnaît	 le	 peptidoglycane,	 le	 TLR	 2,	 les	 lipoprotéines	 et	 le	 TLR6,	 les	




L’activation	 des	 macrophages,	 qui	 peut	 être	 directe	 via	 les	 PAMP,	 va	 entraîner	 la	
production	 de	 cytokines	 et	 de	 chimiokines	 qui	 permettent	 le	 recrutement	 de	 cellules	
immunitaires	 innées	 telles	 que	 les	NK	 et	 les	NKT.	 Par	 ailleurs,	 les	 KC	 possèdent	 aussi	 des	
récepteurs	scavengers	qui	activent	leur	fonction	de	phagocytose	et	leur	permet	de	dégrader	




profil	 inflammatoire,	 les	macrophages	M1	 ont	 des	 fonctions	 effectrices	 de	 «macrophages	













Représentation	 de	 la	 polarisation	 du	 macrophage	 entre	 les	 macrophages	 pro-inflammatoires	 (M1)	 et	 anti-
inflammatoires	(M2).	Les	flèches	noires	 indiquent	 la	sécrétion	de	cytokines	par	 le	macrophage.	Les	récepteurs	
reconnaissant	 les	 ligands	 sont	en	vert,	 les	 récepteurs	de	cytokines	 sont	en	bleu.	 Les	molécules	de	stimulation	




13,	 M2b,	 induit	 par	 des	 complexes	 immuns	 et	 des	 agonistes	 des	 TLR,	 et	 M2c,	 induits	 par	 l'IL-10	 et	 les	
glucocorticoïdes.	Adapté	de	Benoit	et	al.,	2008	(18).	
	
Les	 macrophages	 M2	 sont	 impliqués	 dans	 la	 défense	 contre	 les	 infections	















































































Les	 macrophages	 M2a	 sont	 ceux	 qui	 correspondent	 le	 plus	 à	 la	 dénomination	 de	






car	 le	macrophage	 semble	exprimer	 simultanément	 les	deux	marqueurs.	Ainsi,	 ce	 concept	
dichotomique	 ne	 peut	 pas	 être	 totalement	 appliqué	 in	 vivo	 (20).	 L’ensemble	 de	 ces	
recherches	indique	que	la	fonction	de	sous-ensembles	de	macrophages	hépatiques	dans	le	
contexte	des	maladies	du	foie	dépend	en	grande	partie	de	leur	origine.	Par	conséquent,	il	est	









Les	 KC	 sont	 adhérentes	 aux	 cellules	 endothéliales	 qui	 composent	 les	 vaisseaux	
sanguins	des	 sinusoïdes.	 Le	 flux	 sanguin	au	niveau	du	 foie	étant	 lent,	 il	 permet	aux	KC	de	
patrouiller	et	de	venir	aux	contacts	des	antigènes	provenant	du	tractus	digestif	via	la	veine	
porte	 (bactéries,	 endotoxines,	 débris…).	 En	 fonction	 de	 leur	 localisation	 hépatique,	 les	 KC	









Les	 KC	 larges	 vont	 principalement	 se	 spécialiser	 dans	 la	 réponse	 aux	 bactéries	
systémiques	 (provenant	 de	 l’artère	 hépatique)	 et	 aux	 produits	 bactériens	 qui	 sont	
transportés	de	l'intestin	vers	le	foie	via	la	veine	porte.	Ces	KC	sont	des	phagocytes	actifs,	qui	
ont	 la	 capacité	d’absorber	des	 cellules	 apoptotique,	 des	 cellules	 bactériennes	mortes,	 des	
débris	cellulaires	et	d'autres	particules	transmissibles	par	le	sang	(23,	24).	En	conséquence,	
ces	 KC	 ont	 une	meilleure	 activité	 enzymatique	 lysosomale	 avec	 une	 plus	 grande	 capacité	
phagocytaire	 que	 les	 KC	 situées	 dans	 les	 autres	 régions	 hépatiques.	 Ces	 KC	 sont	 ainsi	
responsables	de	l’élimination	de	la	plupart	des	particules	exogènes	et	permettent	de	lancer	
des	 attaques	 biochimiques	 grâce	 à	 la	 phagocytose.	 En	 effectuant	 cette	 fonction	 de	




Les	 KC	 plus	 petites	 vont,	 quant	 à	 elles,	 principalement	 interagir	 avec	 les	 autres	
cellules	 hépatiques	 via	 la	 libération	 de	 médiateurs	 biologiques	 actifs	 :	 des	 molécules	 de	
signalisation	telles	que	les	cytokines	(le	TNF-α,	le	TGF-β)	et	des	chimiokines.	La	libération	de	
chimiokines	par	les	KC	entraîne	le	recrutement	de	cellules	immunitaires	comme	les	cellules	
NK,	 NKT,	 les	 neutrophiles,	 ou	 encore	 les	 monocytes.	 De	 plus,	 la	 KC	 va	 surexprimer	 des	




Les	 cytokines,	 sécrétées	 par	 les	 KC,	 jouent	 un	 rôle	 clef	 dans	 la	 modulation	 de	 la	
différenciation	 et	 de	 la	 prolifération	 des	 autres	 cellules.	 En	 réponse	 à	 une	 concentration	
physiologique	 de	 LPS,	 les	 KC	 produisent	 l’IL-10	 et	 le	 TNF-α	 (25).	 Ces	 cytokines	 entraînent	
alors	une	diminution	de	l’expression	du	CMH	de	classe	II,	une	liaison	moindre	de	l’antigène	à	
cette	molécule	dans	les	LSEC	et	les	DC	ainsi	qu’une	réduction	de	l’activation	des	lymphocytes	
T	 (26).	 Il	 a	 été	 montré	 que	 les	 KC	 sont	 impliquées	 dans	 les	 processus	 de	 tolérance	
systémique	 aux	 antigènes	 présentés	 aux	 cellules	 du	 foie	 via	 la	 veine	 porte	 (27).	 Les	 KC	










rôle	tolérant	est	un	facteur	majeur	dans	 la	 fonction	que	 le	 foie	exerce	pour	maintenir	une	
réponse	 immunitaire	 locale	et	efficace.	Des	dysfonctions	au	niveau	de	 la	KC	peuvent	donc	
s’avérer	 délétères	 et	 altérer	 cette	 immunité	 locale.	 Il	 est	 clair	 actuellement	 que	 de	 telles	







Le	 foie	 assure	 de	 nombreuses	 fonctions	 vitales	 et	 la	 dérégulation	 de	 ces	 fonctions	
peut	avoir	un	impact	sur	des	voies	aussi	variées	que	le	métabolisme	du	glucose	et	des	lipides,	
la	détoxification,	ou	une	altération	de	la	barrière	hépatique	immunitaire.	Les	complications	
hépatiques	 associées	 à	 ces	 dysfonctions	 peuvent	 être	 plus	 ou	 moins	 importantes	 et	
entraîner	des	maladies	du	foie	:	les	hépatopathies.		
En	France,	17,5	%	des	décès	par	an	sont	dus	à	une	hépatopathie	(31).	Les	causes	et	
conséquences	 de	 ces	 hépatopathies	 sont	 nombreuses.	 Outre	 les	 hépatopathies	




La	 dysfonction	 hépatique	 causée	 par	 des	 défauts	 génétiques,	 l’ingestion	 de	 médicaments,	 la	 présence	 d’un	















































héréditaires	 sont	 causées	 par	 des	 dysfonctions	 des	 lysosomes,	 des	 organites	 cellulaires	
responsables	du	 recyclage	des	métabolites	 impliqués	dans	 le	métabolisme	des	 lipides.	Ces	
maladies	 sont	 donc	 à	 classer	 au	 sein	 d’une	 famille	 plus	 large	 de	 pathologies	 appelées	
maladies	 lysosomiales.	 Lorsque	 les	 lysosomes	n'assurent	plus	 le	 recyclage	des	métabolites	
suite	à	un	défaut	enzymatique,	 les	métabolites	 s'accumulent	dans	 les	 cellules	et	 affectent	
différents	organes.	Parmi	ces	maladies,	on	retrouve	notamment	la	maladie	de	Gaucher	qui	
touche	 particulièrement	 le	 foie	 (33).	 Une	 diminution	 de	 la	 lipase	 acide	 lysosomiale	 (LAL)	
induit	 une	 accumulation	 massive	 d’esters	 de	 cholestérol	 et	 de	 TG	 dans	 l’organisme.	
L’inactivation	totale	de	la	LAL	entraîne	la	maladie	de	Wolman	qui	est	mortelle.	Alors	que	la	
cholestérolose	hépatique	est	le	résultat	d'une	perte	partielle	de	la	LAL.	
Il	 existe	 aussi	 des	 désordres	 lipidiques	 causés	 par	 des	 altérations	 génétiques	 au	





(l’abêtalipoprotéinémie).	 Des	 altérations	 de	 la	 protéine	 ABCA1	 (pour	 l’anglais	ATP-Binding	
Cassette	1)	qui	est	 impliquée	dans	 le	 transport	du	cholestérol	dans	 les	HDL,	entraînent	un	
déficit	sévère	des	HDL	(maladie	de	Tangier)	(figure	13).		
A	 l’inverse,	 on	 peut	 aussi	 observer	 des	 hyperlipoprotéinémies.	Un	déficit	 de	 la	 LPL	











glycogénoses	 héréditaires	 regroupent	 l’ensemble	 des	 maladies	 caractérisées	 par	 une	
accumulation	anormale	du	glycogène.	Les	glycogénose	de	type	I	sont	les	plus	fréquentes	de	
ces	maladies	qui	restent	rares.	Une	dérégulation	génétique	d’une	enzyme	impliquée	dans	le	

























intervenant	 dans	 la	 biosynthèse	 de	 l’hème	 entraîne	 une	 accumulation	 excessive	 des	







les	 infections	 hépatiques	 virales	mais	 en	 réalité	 il	 ne	 regroupe	 que	 les	 hépatites	 connues	
depuis	les	dernières	décennies.	On	distingue	deux	grands	types	d’hépatite	virale	:	celle	par	
transmission	 oro-fécale,	 comme	 l’hépatite	 A	 ou	 E	 et	 les	 hépatites	 par	 transmission	
parentérale	et	sexuelle	comme	l’hépatite	B,	C	ou	D.		
	
Ces	virus,	une	fois	 inoculés	à	 l'organisme,	 infectent	alors	préférentiellement	ou	non	
les	hépatocytes.	Les	cellules	infectées	participent	alors	au	métabolisme	viral,	en	fabriquant	






celle-ci	 soit	 due	 à	 un	 empoisonnement	 par	 des	 métaux,	 des	 pesticides	 ou	 encore	 des	
médicaments.	Une	fois	dans	le	sang,	ces	médicaments	passent	dans	le	foie,	sont	métabolisés	
et	 éliminés	 naturellement.	 Cependant,	 certains	 médicaments	 peuvent	 engendrer	 une	





de	 l’arrêt	 de	 la	 circulation	 de	 la	 bile,	 caractérisée	 par	 une	 augmentation	 de	 la	 bilirubine.	
Ensuite	il	y	a	l'hépatite	cytolytique	qui	est	associée	à	une	inflammation	avec	une	destruction	
des	 hépatocytes,	 caractérisée	 par	 l’élévation	 massive	 des	 transaminases.	 Cette	 cytolyse	
hépatocytaire	 peut	 être	 très	 sévère	 et	 accompagnée	 d’une	 défaillance	 hépatique.	 Cette	
forme	d’hépatite	dite	fulminante	est	une	des	indications	de	greffe	de	foie	en	urgence.	
Cependant,	 les	 hépatites	 médicamenteuses	 les	 plus	 courantes	 sont	 les	 hépatites	 mixtes,	
c’est	à	dire	les	hépatites	qui	sont	à	la	fois	cytolytiques	et	cholestatiques.		
	
Le	 paracétamol,	 par	 exemple,	 est	 un	médicament	dont	 la	 toxicité	 est	 prévisible	 en	
fonction	 du	 dosage.	 Il	 est	 recommandé	 de	 ne	 pas	 dépasser	 la	 dose	 thérapeutique	 de	 4	
grammes	par	 jour,	 sinon	ce	médicament	peut	être	 responsable	d'une	hépatite	 cytolytique	
généralement	associée	à	une	défaillance	multi	viscérale,	pouvant	entraîner	notamment	une	
hépatite	fulminante	ou	une	nécrose	massive	du	parenchyme	hépatique.	Depuis	le	début	des	
années	 2000,	 l’hépatite	 fulminante	 est	 plus	 souvent	 causée	 par	 une	 intoxication	
médicamenteuse,	 57	%,	que	par	des	 virus,	 environ	10	%	 (35).	 Il	 est	 à	noter	qu’en	 France,	
22	%	des	 greffes	hépatiques	 suite	 à	une	hépatite	 fulminante	 sont	dues	 à	 l’intoxication	 au	
paracétamol	(36).	






Les	 hépatopathies	 peuvent	 également	 être	 métaboliques,	 c’est-à-dire	 qu’elles	







d’une	 inflammation	 chronique	 à	 bas	 bruit.	 L’excès	 alimentaire	 et	 une	 baisse	 de	 l’activité	
physique	sont	 les	principaux	 inducteurs	du	développement	de	différentes	maladies	 liées	à	
cette	surcharge	pondérale.	L’ensemble	des	maladies	non	alcoolique	du	«	foie	gras	»	associé	
à	 l’obésité	 est	 regroupé	 sous	 le	 terme	 générique	 de	 NAFLD	 (pour	 l’anglais	Non	 Alcoholic	
Fatty	Liver	Disease).	
	
La	 consommation	 excessive	 d’alcool	 entraîne	 également	 des	 complications	























la	 Cour	 de	 Justice	 de	 l'Union	 Européenne.	 Cette	 pandémie	 émergente	 était	 autrefois	
considérée	 comme	 un	 problème	 propre	 aux	 pays	 à	 haut	 revenu,	 mais	 elle	 a	
spectaculairement	 augmentée	 dans	 les	 pays	 à	 faible	 ou	moyen	 revenu	 et	 principalement	
dans	les	milieux	urbains.		
Le	surpoids	et	l’obésité	peuvent	être	calculés	en	utilisant	l’indice	de	masse	corporel	
(IMC).	 L’IMC	est	 calculé	en	divisant	 la	masse	d’un	 individu	en	kilogrammes	par	 la	 taille	en	
mètre,	élevée	au	carré.	Par	exemple,	pour	un	individu	mesurant	1,60	m	et	pesant	70	kg,	le	
calcul	 sera	 :	 70	 /	 1,602	et	 l’IMC	 sera	 de	 27,3.	 Sur	 cette	 base,	 chez	 un	 adulte,	 un	 IMC	 est	
considéré	comme	normal	quand	il	se	situe	entre	18	et	25.	Un	IMC	inférieur	à	18	est	associé	à	
une	 maigreur	 excessive.	 Inversement,	 un	 IMC	 entre	 25	 et	 29,9	 définit	 des	 personnes	 en	
surpoids,	 et	 au-delà	 de	 30,	 la	 personne	 est	 considérée	 comme	 obèse.	 On	 parle	 d’obésité	
sévère	avec	un	IMC	compris	entre	35	et	39,9	et	d’obésité	morbide	au-delà	de	39,9.	L’IMC	est	











Carte	du	monde	 colorée	en	 fonction	de	 la	prévalence	de	 l’obésité	 selon	un	 code	 couleur	progressif.	Ainsi,	 les	
pays	avec	de	faibles	prévalences	de	l’obésité	(inférieures	à	40	%)	sont	dans	les	couleurs	froides	(bleu)	et	les	pays	
avec	des	taux	de	prévalence	de	l’obésité	élevée	(à	partir	de	40	%)	dans	les	couleurs	de	plus	en	plus	chaudes	en	













Modélisation	 des	 pourcentages	 de	 personnes	 en	 surpoids	 (rouge	 clair)	 ou	 obèses	 (en	 rouge	 foncé)	 en	 2030,	




monde.	 D’après	 la	 dernière	 étude	 épidémiologique	 effectuée	 en	 France	 en	 2012	 (40),	 le	





Répartition	 de	 la	 population	 française	 (en	%)	 selon	 leur	 IMC.	On	peut	 voir	 que	 47,	 3	%	des	 Français	 sont	 en	
surpoids	ou	obèses.	Adapté	des	résultats	Obépi	2012	(40).	
	
D’après	 la	 carte	 de	 France	 décrivant	 la	 prévalence	 de	 l’obésité	 en	 France,	 nous	
pouvons	 voir	 que	 l’obésité	 est	 fortement	 dépendante	 de	 la	 région,	 ce	 qui	 supporte	






Carte	 de	 France	 avec	 les	 régions	 principales.	 Dans	 les	 ronds	 rouges,	 la	 prévalence	 de	 l’obésité	 en	 2012.	 Les	
cadres	 blancs	 résument	 la	 prévalence	 de	 l’obésité	 depuis	 1997.	 Le	 pourcentage	 d’augmentation	 entre	
1997-2012	est	écrit	en	rouge.	Adapté	de	l’Obépi	2012	(40).	
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Les	 complications	qui	 sont	associées	au	 surpoids	et	à	 l’obésité	 sont	nombreuses	et	
variées.	Elles	sont	majoritairement	dues	à	des	dérégulations	du	métabolisme	des	lipides	et	
du	 glucose.	 Le	 risque	 de	 développer	 un	 diabète	 de	 type	 2	 (DT2)	 est	 aussi	 largement	
augmenté	 avec	 45	%	 des	 personnes	 ayant	 un	 DT2	 qui	 sont	 en	 surpoids	 et	 37	%	 qui	 sont	
obèses	(41).	Les	maladies	cardiovasculaires	sont	aussi	augmentées	chez	les	patients	obèses.	
La	 prévalence	 de	 l’obésité	 était	 de	 33	 %	 chez	 les	 patients	 adressés	 en	 laboratoire	 de	
cathétérisme	cardiaque	à	l’université	de	Duke	(42).	Par	ailleurs,	et	de	manière	plus	récente,	
il	a	été	montré	que	le	surpoids	et	l’obésité	sont	des	facteurs	majeurs	dans	le	développement	
des	 complications	 hépatiques,	 longtemps	 associées	 à	 la	 seule	 consommation	 d’alcool.	 De	
même,	des	complications	mécaniques,	des	problèmes	osseux	et	de	cartilage	vont	apparaître	
avec	 la	 surcharge	pondérale,	pouvant	engendrer	avec	une	baisse	de	 l’activité	physique	un	
cercle	vicieux	conduisant	à	l’aggravation	de	nombreux	symptômes.	
	
Actuellement,	 si	 l’IMC	 est	 un	 baromètre	 du	 surpoids	 et	 de	 l’obésité,	 les	 risques	
potentiels	 de	 complications	 chez	 les	 patients	 sont	 évalués	par	 la	 présence	d’un	 syndrome	
métabolique	 associée	 ou	 non	 à	 cette	 obésité.	 L’obésité	 est	 fortement	 liée	 à	 différents	
paramètres	 biologiques	 perturbés	 telles	 que	 :	 l’hypertension,	 l'obésité	 abdominale,	
l’élévation	 des	 triglycérides,	 la	 réduction	 des	 HDL,	 l’élévation	 de	 la	 glycémie	 à	 jeun	 et	






















La	présence	d’au	moins	 trois	de	ces	 items	suffit	à	poser	 le	diagnostic	du	syndrome	
métabolique	 chez	 un	 patient.	 Le	 syndrome	 métabolique	 est	 asymptomatique,	 mais	
prédispose	au	développement	des	maladies	cardiovasculaires	ou	hépatiques	(43).		
Il	 est	 clair	 que	 toutes	 les	 personnes	 en	 surpoids	 ou	 obèses	 ne	 présentent	 pas	 de	
syndrome	 métabolique	 voire	 ne	 développent	 que	 peu	 de	 complications	 associées	 à	 leur	
surcharge	 pondérale	 outre	 des	 problèmes	 mécaniques.	 Ce	 constat	 rend	 la	 recherche	 de	





La	 NAFLD	 regroupe	 l’ensemble	 des	 lésions	 hépatiques	 qui	 vont	 du	 stade	 de	 la	




Progression	 des	 stades	 des	 hépatopathies	 liées	 à	 la	 NAFLD.	 L’excès	 alimentaire	 entraîne	 l’apparition	 de	
gouttelettes	 lipidiques	au	sein	des	hépatocytes,	c’est	 la	stéatose.	La	stéatohépatite	(NASH)	est	associée	à	une	
inflammation	et	on	peut	observer	l’évolution	vers	la	fibrose,	la	cirrhose	et	le	carcinome	hépatocellulaire	(CHC).	




cause	 de	maladie	 hépatique,	 comme	 par	 exemple,	 une	 forte	 consommation	 d'alcool,	 une	
maladie	héréditaire,	ou	une	 infection	virale	 (44).	De	plus,	 la	difficulté	du	diagnostic	 réside	
dans	 le	fait	que	ce	sont	des	maladies	asymptomatiques	y	compris	à	des	stades	avancés	de	
fibrose	voire	de	cirrhose	et	qu’elles	sont	souvent	découvertes	tardivement.		








Les	 différents	 stades	 de	 la	 NAFLD	 peuvent	 être	 définis	 selon	 des	 observations	
anatomo-pathologiques	 des	 biopsies	 hépatiques.	 La	 classification	 des	 stades	 de	 la	 NAFLD	
comprend	une	description	et	une	semi	quantification	de	la	stéatose	et	des	lésions	cellulaires,	
une	évaluation	de	 l'inflammation	et	du	 stade	de	 fibrose.	Cependant,	 la	 frontière	entre	 les	
différents	stades	de	la	NAFLD	est	imprécise.	Différents	scores	participent	à	l’évaluation	des	
différents	stades	de	la	NAFLD.	
Le	 score	 NAS	 (pour	 l’anglais	 NAFLD	 Activity	 Score)	 est	 quantitatif	 et	 combine	
l’observation	de	trois	caractéristiques	des	lésions	hépatocellulaires	et	nécro-inflammatoires	:	
la	 quantification	 de	 la	 stéatose,	 l'inflammation	 lobulaire	 montante	 et	 les	 lésions	
hépatocytaires	 caractérisées	 d’un	 point	 de	 vue	 morphologique	 par	 des	 hépatocytes	 «	
ballonisés	»	(ballooning).	Chaque	caractéristique	est	quantifiée	en	associant	la	sévérité	à	un	
numéro	 croissant	 et	 la	 somme	 non	 pondérée	 des	 trois	 caractéristiques	 représentent	 ce	
score	(figure	20).	Dans	la	NAFLD,	la	stéatose	peut	être	graduée	en	trois	stades	en	fonction	du	






Le	 score	NAS	 (NAFLD	Activity	 Score)	 permet	 d’évaluer	 le	 stade	 de	 la	NAFLD	 selon	 trois	 critères	 :	 la	 stéatose,	
l’inflammation	 lobulaire	 et	 la	 ballonisation	 des	 hépatocytes.	 La	 stéatose	 est	 gradée	 en	 pourcentage	
d’hépatocytes	 ayant	 des	 gouttelettes	 lipidiques	 et	 les	 deux	 autres	 critères	 (inflammation	 et	 ballonisation)	 en	





































L’évaluation	 ponctuelle	 et	 partielle	 de	 la	 sévérité	 de	 la	 cirrhose	 peut	 aussi	 être	
réalisée	à	l’aide	du	score	de	Child	Pugh	(47).	La	gravité	est	croissante	avec	la	valeur	du	score	
(figure	22).	Ce	 score	ne	prend	pas	en	compte	certaines	 complications	de	 la	 cirrhose	 telles	
que	 l’hémorragie	digestive	ou	 le	carcinome	hépatocellulaire.	Cette	évaluation	n’est	valable	


















Calcul&des&points 1 2 3
Bilirubine&(μmol/L) <"35 35"%"50 >"50
Albumine&(g/L) >"35 28"%"35 <"28
Ascite Absente Minime Modérée











La	 stéatose	 se	 caractérise	 par	 l’accumulation	 de	 gouttelettes	 lipidiques	 au	 sein	 du	
cytoplasme	 des	 hépatocytes	 et	 est	 considérée	 comme	 un	 stade	 bénin	 et	 réversible	 de	 la	
pathologie.	Dans	la	majorité	des	cas	de	NAFLD,	cette	stéatose	est	macrovésiculaire	et	peut	
être	répartie	de	manière	homogène	ou	pas	au	sein	du	parenchyme	hépatique.	En	effet,	on	
















L’inflammation	 qui	 survient	 sur	 un	 foie	 stéatosique	 est	 définie	 comme	 une	 NASH.	




Parmi	 les	 patients	 ayant	 une	 stéatose,	 seuls	 20	 %	 d’entre	 eux	 développeront	 une	
NASH	(50).	Là	encore,	nous	ne	pouvons	que	constater	qu’il	existe	une	 forte	hétérogénéité	
entre	 les	patients	et	que	d’autres	 facteurs	que	 la	 surcharge	pondérale	et	 la	 stéatose	vont	






	Le	 tissu	 fibreux,	composé	essentiellement	de	collagène	de	 type	 I	et	 III,	entoure	 les	
hépatocytes,	 les	 isole	 et	 ainsi	 les	 empêche	 d’exercer	 leurs	 fonctions	 au	 sein	 du	 foie	 (51).	
Selon	 le	 stade	 de	 la	 fibrose,	 les	 dommages	 subis	 par	 le	 foie	 peuvent	 être	 plus	 ou	moins	
importants.	Il	existe	quatre	stades	de	fibrose	:	le	foie	normal	a	un	stade	de	fibrose	de	0	(F0)	;	
la	fibrose	légère	est	comprise	entre	un	stade	F1	et	F2	;	 la	fibrose	sévère	en	F3	;	 le	stade	le	
plus	 avancé	 est	 la	 cirrhose	 (F4).	 Dans	 les	 stades	 avancés,	 la	 fibrose	 entoure	 les	 lobules	
hépatiques	formant	des	nodules	de	régénération	qui	vont	rendre	le	foie	non	fonctionnel.	Au	













Le	 carcinome	hépatocellulaire	 (CHC)	 est	 la	 forme	histologique	 la	 plus	 fréquente	de	
cancers	primitifs.	Très	rarement,	le	CHC	survient	sur	un	foie	sain	(53).	Dans	plus	de	90	%	des	




cancer.	 Le	 pronostic	 du	 CHC	 reste	 à	 l’heure	 actuelle	 mauvais	 avec	 seulement	 une	 survie	
moyenne	évaluée	de	5	ans.	
	
Le	 score	 de	MELD	 (pour	 l’anglais	Model	 for	 End-Stage	 Liver	 Disease)	 est	 un	 score	
pronostic	 qui	 s’applique	 aux	 patients	 en	 liste	 d’attente	 de	 transplantation.	 Il	 utilise	 les	
valeurs	 de	 la	 bilirubine	 totale,	 de	 la	 créatinine	 sérique	 et	 le	 taux	 de	 prothrombine	 pour	
prédire	 la	 survie.	 Il	 existe	 une	 relation	 étroite	 entre	 le	 score	 de	 MELD	 et	 le	 risque	 de	
mortalité	dans	les	trois	mois	des	patients	en	liste	d’attente	de	greffe	de	foie	(figure	25)	(55).	
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Le	 score	MELD	 (Model	 for	End-Stage	Liver	Disease)	est	un	 système	de	notation	pour	évaluer	 la	gravité	d'une	
maladie	chronique	du	 foie.	Ce	score	est	étroitement	 lié	au	 risque	de	mortalité	dans	 les	 trois	mois.	Adapté	de	
Kamath	et	al.,	2001	(55).	
	
Au	 stade	 de	 CHC,	 il	 y	 a	 peu	 de	 possibilités	 de	 traitement	 possible.	 Pour	 les	 CHC	
localisés,	une	exérèse	est	possible	si	les	parties	du	foie	atteintes	sont	restreintes.	Il	y	a	aussi	
la	 chimio-embolisation	 transartérielle	 qui	 consiste	 en	 l’association	 d’une	 molécule	 de	
chimiothérapie	 qui	 va	 attaquer	 les	 cellules	 cancéreuses	 et	 d’un	 produit	 qui	 va	 boucher	
l’artère	 qui	 alimente	 la	 tumeur	 en	 oxygène	 et	 en	 nutriments.	 Dans	 d’autre	 cas,	 la	
transplantation	hépatique	reste	le	seul	traitement	curatif	possible.	En	2013,	seulement	1241	










La	 compréhension	 des	mécanismes	 précoces	 de	 la	 NAFLD	 reste	 donc	 à	 ce	 jour	 un	
enjeu	crucial	pour	limiter	l’évolution	de	la	NAFLD	vers	les	formes	graves	de	la	pathologie.		
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L’une	des	principales	causes	de	 la	 stéatose	est	 le	déséquilibre	entre	 la	disponibilité	
des	 lipides	et	 leur	dégradation.	Les	acides	gras	proviennent	de	différentes	sources.	Les	AG	
utilisés	 pour	 la	 synthèse	 de	 triglycérides	 proviennent	 des	 AG	 non	 estérifiés	 issus	 de	 la	











Les	 adipocytes	permettent	de	 stocker	 l'énergie	 sous	 la	 forme	de	 triglycérides.	Bien	
que	la	plupart	des	cellules	non	adipocytaires	contiennent	des	traces	de	TG	pour	assurer	leurs	
fonctions	homéostatiques,	 elles	 sont	protégées	 contre	 l'accumulation	massive	de	 TG	dans	
des	conditions	de	consommation	d'énergie	en	excès.	De	toutes	les	cellules	non	adipocytaires,	
l’hépatocyte	 de	 mammifère	 est	 capable	 de	 stocker	 des	 quantités	 considérables	 d’AG,	
notamment	pour	 recevoir	 les	AG	non	estérifiés	présents	en	excès	dans	 le	plasma	qui	 sont	
requis	pour	la	sécrétion	immédiate	de	lipoprotéines	de	très	basse	densité	(60).	La	capacité	






foie	 et	 au	 TA	 de	 transformer	 l’excès	 de	 glucose	 ingéré	 en	 AG.	 L’association	 de	 plusieurs	


































Dans	 un	 adipocyte,	 les	 AG	 sont	 aussi	 synthétisés	 par	 la	 lipogenèse	de	 novo,	 stockés	 sous	
forme	 de	 TG	 comme	 réserve	 et	 peuvent	 être	 dégradés	 via	 la	 lipolyse	 selon	 les	 besoins	
énergétiques.	Cette	lipolyse,	qui	consiste	en	l’hydrolyse	des	TG	en	AG	libres	(AGL)	et	glycérol,	
représente	 la	source	majeure	d’AG	retrouvés	au	niveau	du	 foie.	Le	contrôle	de	 l’hydrolyse	
des	 TG	 se	 situe	 essentiellement	 au	 niveau	 d’une	 enzyme	 intervenant	 dans	 la	 lipolyse,	 la	
Lipase	 Hormono-Sensible	 (LHS)	 qui	 peut	 être	 inhibée	 par	 l’insuline.	 Dans	 un	 contexte	
d’insulino-résistance,	 les	 adipocytes	 ne	 sont	 plus	 capables	 de	 répondre	 correctement	 aux	
effets	de	l’insuline.	La	levée	de	l’inhibition	de	la	LHS	entraîne	une	augmentation	excessive	de	

















cas	 de	 défaut	 de	 synthèse	 des	 TG,	 l’oléate	 aussi	 bien	 que	 le	 palmitate	 peuvent	 devenir	
délétères	pour	 les	cellules	(63).	Ainsi	 la	nature	des	acides	gras	orientés	vers	 le	foie	semble	
liée	au	développement	de	la	NAFLD.			
Les	 voies	 de	 la	 glycolyse	 et	 de	 la	 lipogenèse	 sont	 contrôlées	 par	 les	 conditions	
nutritionnelles.		
En	phase	post-prandiale,	 l’insuline	 facilite	 l’incorporation	des	acides	gras	provenant	
des	chylomicrons	et	des	VLDL	au	niveau	des	différents	tissus	en	augmentant	la	synthèse	de	








































La	 signalisation	médiée	 par	 l’insuline	 permet	 d’activer	 les	 facteurs	 de	 transcription	 ChREBP-1	 (CarboHydrate	
Responsive	Element	Binding	Proteins-1)	et	SREBP-1	(Sterol	Regulatory	Element	Binding	Protein-1)	par	la	voie	de	
la	 PI3K/AKT.	 Ces	 facteurs	 de	 transcription	 induisent	 la	 lipogenèse,	 la	 glycolyse	 et	 inhibe	 la	 néoglucogenèse.	
L’AMPK	(Adenosine	Monophosphate	Protein	Kinase)	peut	inhiber	cette	signalisation.		
	
L’inhibition	 de	 la	 néoglucogenèse	 accompagnée	de	 la	 stimulation	de	 la	 lipogenèse,	
toutes	deux	par	l’insuline,	nécessitent	la	voie	de	la	PI3K/AKT.	L’insuline	active	l’expression	de	
SREBP-1	 (pour	 l’anglais	 Sterol	 Regulatory	 Element	 Binding	 Protein-1)	 par	 la	 voie	 de	 la	
PI3K/AKT,	qui	est	nécessaire	pour	la	néoglucogenèse	et	en	stimulant	la	glucokinase,	SREBP-1	
participe	à	l’induction	de	ChREBP-1	(pour	l’anglais	CarboHydrate	Responsive	Element	Binding	
Proteins-1)	 qui	 permet	 la	 glycolyse	 et	 augmente	 la	 disponibilité	 de	 précurseurs	 de	 la	
lipogenèse.	
SREBP-1	 et	 ChREBP-1	 activées	 permettent	 l’expression	 des	 gènes	 qui	 contrôlent	 la	
synthèse	des	 TG	et	 des	AG	 tels	 que	 l’ACC	ou	 la	 FAS	 (65,	 66).	Dans	des	modèles	de	 souris	
ayant	une	NAFLD,	 la	surexpression	hépatique	de	SREBP-1	entraîne	une	stéatose	hépatique	
massive	consécutive	à	l’activation	des	gènes	de	la	lipogenèse	et	inversement,	sa	régulation	


























L’AMPK	 (pour	 l’anglais	Adenosine	Monophosphate	Protein	Kinase)	 peut	en	 inhibant	
SREBP-1,	réguler	négativement	la	lipogenèse	et	diminuer	la	consommation	de	glucose.	Ainsi	
l’AMPK	 antagonise	 les	 effets	 délétères	 de	 l’insulino-resistance.	 Dans	 ce	 contexte,	 les	
modèles	de	souris	obèses	montrent	que	l’activation	de	l’AMPK	est	réduite.	Cette	inhibition	
de	 l’AMPK	 participe	 également	 à	 l’installation	 de	 la	 stéatose.	 Par	 ailleurs,	 l’activation	 de	

























Des	 altérations	 structurelles	 de	 la	 mitochondrie,	 telles	 que	 la	 présence	 de	





AGL,	 cette	 entrée	 est	 dépendante	 de	 l’enzyme	 CPT-1	 (pour	 l’anglais	 Carnitine	 Palmitoyl	
Transferase-1).	 La	 β-oxydation	 mitochondriale	 permet	 l’oxydation	 complète	 des	 AG	 en	
acétyl-CoA.	 Les	unités	de	 l'acétyl-CoA	ainsi	produites,	peuvent	 soit	entrer	dans	 le	 cycle	de	








La	 dégradation	 complète	 des	 acides	 gras	 par	 la	 β-oxydation	 mitochondriale	 conduit	 à	 la	 conversion	 de	
cofacteurs	oxydés	(NAD+	et	FAD)	en	cofacteurs	réduits	(NADH	et	FADH2).	La	chaîne	respiratoire	mitochondriale,	
source	principale	d’ATP,	permet	à	ces	cofacteurs	réduits	d’être	continuellement	réoxydés	par	transfert	de	leurs	
électrons	au	premier	 complexe	de	 la	 chaîne.	 Les	électrons	 sont	ensuite	 transmis	 successivement	à	 travers	 les	
différents	 complexes	 de	 la	 chaîne	 respiratoire,	 logés	 dans	 la	 membrane	 interne	 de	 la	 mitochondrie.	 Ce	 flux	
d’électrons	 est	 associé	 à	 une	 extrusion	 de	 protons	 hors	 de	 la	 matrice	 mitochondriale	 vers	 l’espace	 inter-
membranaire,	 créant	 un	 potentiel	 électrochimique	 suffisant	 pour	 que	 l’ATP-synthase	 catalyse	 la	 formation	
d’ATP.	Les	électrons	migrent	le	long	de	la	chaîne	respiratoire	et,	au	final,	réagissent	avec	l’oxygène	pour	former	
de	 l’eau.	 Cependant,	 quelques	 électrons	 peuvent	 réagir	 directement	 avec	 l’oxygène	 pour	 former	 des	 espèces	
réactives	de	l’oxygène.	
	
Des	 souris	 invalidées	 pour	 PPAR-α	 montrent	 une	 diminution	 de	 la	 β-oxydation	
mitochondriale	 et	 développent	 une	 stéatose	 macrovésiculaire	 localisée	 au	 niveau	
centrolobulaire	 (77).	Si,	à	cette	perte	de	 fonction,	est	associée	une	délétion	des	allèles	du	









































Ces	 différents	 facteurs	 de	 transcription	 régulés	 par	 l’insuline,	 activateurs	 ou	
inhibiteurs,	sont	donc	des	médiateurs	essentiels	dans	 le	contrôle	de	 la	synthèse	hépatique	
de	 lipides	 in	 vivo.	 Dans	 la	 NAFLD,	 leur	 activation	 exacerbée	 et	 la	 régulation	 négative	 des	







foie	vers	 les	organes	périphériques,	est	proportionnelle	à	 la	concentration	des	TG.	 Il	a	été	
montré	 que	 ce	 taux	 de	 sécrétion	 est	 augmenté	 chez	 les	 patients	 ayant	 une	 NAFLD	 (59).	
Cependant	cette	augmentation	des	VLDL	n’est	pas	suffisante	pour	expliquer	la	disponibilité	
accrue	de	TG	dans	le	foie.	En	effet,	il	a	été	montré	que	la	capacité	de	ces	patients	à	sécréter	





La	 souris	 Shionogi,	 qui	 développe	 une	 stéatose	 hépatique	 spontanée,	 présente	 un	
défaut	 d’export	 des	 VLDL	 associé	 à	 la	 diminution	 de	 l’expression	 de	 la	 protéine	MTTP.	 La	
surexpression	de	cette	MTTP	dans	le	modèle	murin	permet	l’amélioration	de	la	stéatose	(82).	
Cette	 altération	 de	 synthèse	 de	 l’Apo-B100	 peut	 être	 entraînée	 par	 l’augmentation	 de	 la	
péroxydation	 lipidique	 causée	 par	 l’excès	 des	 AGL.	 En	 effet,	 la	 présence	 des	 lipides	














Les	 mécanismes	 physiopathologiques	 expliquant	 le	 passage	 de	 la	 stéatose	 à	







De	 nombreux	 éléments	 fragilisent	 le	 foie	 et	 participent	 à	 l’installation	 du	 premier	 hit	 :	 la	 stéatose.	 Puis	 le	
deuxième	 hit	 est	 caractérisé	 essentiellement	 par	 un	 stress	 oxydant,	 puis	 une	 péroxydation	 lipidique	 qui	 sont	
probablement	responsables	de	l’inflammation	dans	la	NASH	(Non	Alcoholic	SteatoHepatitis),	de	l'apparition	de	





























La	 seconde	 étape	 regroupe	 différents	 facteurs	 comme	 l’augmentation	 des	
endotoxines	 et	 des	 cytokines	 pro-inflammatoires,	 l’augmentation	 de	 l’apoptose	 des	
hépatocytes	et	l’installation	du	stress	oxydant	associée	au	dysfonctionnement	mitochondrial.	













Si	 le	débit	d'électrons	est	 interrompu	à	tout	point	de	la	chaîne	respiratoire,	 les	ROS	
produits	peuvent	transférer	des	électrons	à	l'oxygène	moléculaire	pour	produire	des	anions	




Le	 stress	 oxydant	 est	 un	 état	 d’agression	 décrivant	 ce	 déséquilibre	 engendré	
présentant	 une	 diminution	 des	 défenses	 anti-oxydantes	 de	 la	 cellule	 au	 profit	 d’une	
augmentation	des	espèces	oxydantes,	les	ROS	et	les	RNS.		
La	 production	 augmentée	 d’AG,	 les	 défauts	 dans	 la	 β-oxydation	 mitochondriale	
associés	 au	 dysfonctionnement	 de	 la	 chaîne	 respiratoire	mitochondriale	 chez	 les	 patients	
ayant	une	NAFLD	peuvent	directement	conduire	à	ce	stress	oxydant	(58).	Dans	des	modèles	





Les	 oxydations	 se	 produisent	 dans	 les	 péroxysomes	 et	 les	 mitochondries.	 L’action	 des	 cytochromes	 (CYP)	
entraîne	la	production	massive	d’espèces	réactives	de	l’oxygène	(ROS).	
	
Différents	 facteurs	 sont	 impliqués	 dans	 l’installation	 de	 ce	 stress	 oxydant.	 La	
β-oxydation	 est	 une	 source	 de	 ROS,	mais	 l’accumulation	 des	 AG	 dans	 le	 cytosol	 entraîne	
aussi	l’activation	des	voies	alternatives	d’oxydation	dans	les	péroxysomes	et	le	RE,	qui	sont	
des	 sources	 supplémentaires	 de	 production	 de	 ROS.	 Le	 CYP2E1	 qui	 est	 impliqué	 dans	
l’oxydation	microsomale,	 voit	 son	expression	et	 son	activité	 augmentées	 chez	 les	patients	
ayant	une	NASH	(86).		
Avec	l’inhibition	des	complexes	de	la	chaîne	respiratoire	dans	la	NAFLD,	 le	transfert	
indépendant	 d'électrons	 à	 l'oxygène	 est	 facilité	 et	 accroît	 ainsi	 la	 production	 de	 l'anion	
supéroxyde	 (O2•-).	 Par	 ailleurs,	 les	 ROS	 sont	 des	 molécules	 à	 durée	 de	 vie	 relativement	
limitée	qui	exercent	des	effets	néfastes	locaux.	Les	AG	polyinsaturés	sont	très	sensibles	à	la	
péroxydation	oxydative	 par	 les	 ROS.	A	 la	 suite	 de	 cette	 péroxydation,	 les	 produits	 sont	 le	
malondialdéhyde	(MDA)	et	le	4-hydroxynonénal	(HNE).	Ces	aldéhydes,	qui	sont	cytotoxiques,	
ont	une	durée	de	vie	plus	 longue	que	les	ROS.	 Ils	peuvent	diffuser	 librement	dans	l’espace	






























et	 stimuler	 la	 synthèse	 de	 protéines	 de	 la	matrice	 extracellulaire	 (90).	 De	 cette	 façon,	 le	
stress	 oxydant	 peut	 directement	 contribuer	 à	 la	 mort	 hépatocytaire,	 l’inflammation	 et	 la	
fibrose	et	donc	à	l’aggravation	de	la	NAFLD.	
De	 nombreuses	 études	 aussi	 bien	 chez	 l’Homme	 que	 chez	 l’animal,	 ont	 mis	 en	
évidence	cette	association	entre	la	NASH,	le	stress	oxydant	et	la	péroxydation	lipidique	(61).	
Par	 exemple,	 le	 niveau	 de	 3-nitrotyrosine,	 un	marqueur	 de	 l’oxydation	 des	 protéines,	 est	
augmenté	dans	le	foie	des	patients	présentant	une	NAFLD	et	est	supérieur	chez	les	patients	
atteints	de	NASH	comparativement	aux	patients	ayant	uniquement	un	foie	stéatosique	(91).	
Les	 expressions	 hépatiques	 des	 marqueurs	 de	 péroxydation	 lipidique	 avec	 le	 HNE	 et	 des	
dommages	oxydatifs	de	 l’ADN	avec	 le	8-hydroxydeoxyguanosine	 (8-OHdG)	 sont	également	
corrélées	à	la	sévérité	de	la	nécro-inflammation	et	de	la	fibrose	chez	des	patients	atteints	de	
NAFLD	(92).	D’autres	études	ont	montré	une	augmentation	des	produits	de	la	péroxydation	
lipidique	 au	 niveau	 systémique	 chez	 les	 patients	 présentant	 une	 NASH	 (93)	 ainsi	 qu’une	
déplétion	en	anti-oxydants	chez	les	patients	atteints	de	NAFLD	(94).	Ces	données	confirment	





Le	 RE	 est	 impliqué	 dans	 la	 synthèse,	 la	 maturation	 et	 l’exportation	 des	 protéines	
cellulaires	et	en	particulier	 les	protéines	membranaires	et	les	protéines	secrétées	(95).	Des	
dérégulations	 de	 l’homéostasie	 protéique	 peuvent	 engendrer	 une	 accumulation	 de	
protéines	dans	le	RE	associée	à	une	altération	de	leur	maturation	et	de	leur	repliement.	La	
conséquence	 est	 une	 diminution	 de	 la	 synthèse	 protéique	 et	 cette	 réponse	 cellulaire	




Au	cours	de	 la	NAFLD,	 l’apport	massif	d’AG	en	particulier	 saturés,	 l’activation	de	 la	
lipogenèse	 et	 le	 développement	 de	 l’insulino-resistance	 entraînent	 une	 diminution	 de	
l’efficacité	des	fonctions	du	RE.	L’UPR	va	mettre	en	œuvre	une	signalisation	cellulaire	via	les	
voies	 protéiques	 PERK	 (pour	 l’anglais	 Proline-rich,	 Extensin-like	 Receptor	 Kinase)	 et	 IRE1	
(pour	 l’anglais	 IFN-stimulated	 Response	 Element).	 Cette	 signalisation	 va	 aboutir	 à	 une	
sollicitation	anormale	des	mitochondries	associée	à	une	augmentation	de	 la	production	de	





Le	 stress	 du	 RE	 altèrent	 l’homéostasie	 lipidique	 et	 participent	 à	 la	 stéatose	 et	 à	




L'autophagie	 est	 un	 processus	 cellulaire	 essentiel	 catabolique	 qui	 cible	 les	
constituants	cellulaires,	 tels	que	des	organites	endommagés,	des	protéines	dépliées	et	des	
pathogènes	 intracellulaires,	 vers	 les	 lysosomes	 pour	 la	 dégradation	 afin	 de	 permettre	 le	
renouvellement	 cellulaire	 (99).	 Ce	 processus	 fait	 intervenir	 une	 machinerie	 protéique	
complexe	au	cours	duquel	les	protéines	de	la	famille	ATG	(pour	l’anglais	Autophagy	Related	
Gene)	vont	orchestrer	le	processus.	
Au	niveau	du	 foie,	 les	protéines	ATG,	notamment	ATG5	et	ATG7,	peuvent	 interagir	
avec	 les	 gouttelettes	 lipidiques	 en	 excès	 dans	 les	 hépatocytes	 pour	 former	 des	 vacuoles	
d’autophagie,	 la	 lipophagie	 (100).	 Dans	 des	modèles	 cellulaires	 in	 vitro	 et	 in	 vivo,	 il	 a	 été	







	 Dans	 la	NAFLD,	 une	 diminution	 de	 l’autophagie	 dans	 les	 hépatocytes	 est	 observée	
(101).	En	effet,	des	études	récentes	sur	un	modèle	de	souris	déficientes	en	ATG5	(ATG5-/-)	
dans	 la	 lignée	 myéloïde	 dont	 les	 monocytes/macrophages,	 a	 souligné	 l’importance	 de	




plus	 polarisées	 dans	 une	 réponse	 pro-inflammatoire.	 Ces	 résultats	 suggèrent	 que	
l’autophagie	participe	au	rétrocontrôle	négatif	de	l’activation	des	KC	(102).	Par	ailleurs,	la	KC	
a	aussi	un	impact	sur	l’autophagie.	Une	étude	a	récemment	montré	que	la	déplétion	en	KC	




recrutement	 leucocytaire	 et	 de	 l’apoptose	 des	 hépatocytes	 et	 aggrave	 des	 lésions	
fibrotiques	(102).		
	









A.	 La	 déficience	 d’ATG5	 entraîne	 une	 diminution	 de	 l’autophagie	 qui	 conduit	 à	 l’augmentation	 des	 lésions	
hépatiques.	 B.	 La	 surexpression	 de	 l’ATG7	 permet	 une	 augmentation	 de	 l’autophagie	 qui	 améliore	 la	
signalisation	à	l’insuline	et	diminue	les	lésions	hépatiques.		
	
L’association	 de	 ces	 résultats	 est	 en	 faveur	 d’un	 rôle	 hépatoprotecteur	 de	
l’autophagie.	L’autophagie	dans	le	foie,	entre	autre	régulée	par	les	KC,	semble	jouer	un	rôle	
important	dans	 les	différents	 stades	de	 la	NAFLD	mais	également	dans	 la	MAF	 (105,	106).	
Cependant,	 le	 rôle	 anti-fibrogénique	 de	 l’autophagie	 est	 controversé	 car	 il	 montre	 que	
l’autophagie	a	aussi	un	rôle	pro-fibrogénique	dans	les	cellules	étoilées	hépatiques	(105).	
	
Les	 mécanismes	 qui	 vont	 être	 impliqués	 dans	 l’initiation	 de	 la	 NASH	 sont	 donc	
extrêmement	 complexes	 et	 variés.	 Tous	 ces	 mécanismes	 ne	 sont	 vraisemblablement	 pas	










































Le	 foie,	décrit	par	 certains	 comme	un	organe	 lymphoïde	 secondaire,	est	un	organe	
tolérogène	 (107).	 Ceci	 lui	 confère	 une	 capacité	 à	 ne	 pas	 induire	 d’inflammation	 ou	 de	
réponse	 immunitaire	 intempestive,	 comme	 cela	 a	 été	 décrit	 dans	 le	 chapitre	 II.	 Les	
dérégulations	métaboliques	associées	à	la	NAFLD	sont	caractérisées	au	stade	de	la	NASH	par	




La	 stéatose	 hépatique	 a	 été	 associée	 à	 une	 diminution	 du	 pourcentage	 des	
lymphocytes	NKT	hépatiques	(108).	Les	lymphocytes	hépatiques	NKT	représentent	21	%	des	
cellules	mononuclées	du	foie	chez	des	souris	contrôles	alors	que	ces	NKT	sont	réduits	à	4	%	
chez	des	 souris	obèses	 (ob/ob).	Cette	 réduction	est	 confirmée	dans	différents	modèles	de	
stéatose	hépatique	induite	par	des	régimes	hypercaloriques	(109).	Chez	l’Homme,	l’analyse	
de	 biopsies	 de	 foie	 de	 patients	 atteints	 de	 NAFLD	 révèle	 une	 corrélation	 entre	 cette	
diminution	 de	 lymphocytes	 NKT	 et	 la	 sévérité	 de	 la	 stéatose	 (110).	 L’accumulation	 et	 la	
nature	 des	 lipides	 hépatiques	 est	 directement	 responsable	 de	 la	 réduction	 du	 nombre	 de	
lymphocytes	NKT	au	cours	de	 la	stéatose	dans	 la	NAFLD.	En	effet,	des	 régimes	enrichis	en	
acides	 gras	 saturés	 ou	 mono-insaturés	 engendrent	 une	 déplétion	 des	 lymphocytes	 NKT	
hépatiques	contrairement	aux	acides	gras	polyinsaturés	qui	n’ont	pas	d’effet	(111).		
Pour	 évaluer	 le	 rôle	 potentiel	 des	 lymphocytes	 NKT	 dans	 la	 NASH,	 des	 transferts	
adoptifs	 de	 lymphocytes	 NKT	 ont	 été	 réalisés	 chez	 des	 souris	 receveuses	 ob/ob.	 Après	
seulement	douze	jours	de	transfert	de	NKT,	une	diminution	de	la	stéatose	est	constatée	ainsi	
qu’une	 amélioration	 du	 taux	 des	 transaminases	 et	 de	 la	 tolérance	 au	 glucose.	 La	
restauration	 du	 nombre	 de	 lymphocytes	 NKT	 permet	 donc	 d’améliorer	 les	 lésions	
hépatiques	mais	également	les	dérégulations	métaboliques	associées	à	l’obésité	(112).		









lymphocytes	 NKT	 pourraient	 s’accumuler	 au	 stade	 de	 la	 fibrose	 (113).	 En	 effet,	 dans	 un	
modèle	murin	de	fibrose	induit	par	un	régime	déficient	en	méthionine	et	choline,	on	observe	
une	 augmentation	 du	 pourcentage	 de	 lymphocytes	 NKT.	 Ces	 données,	 a	 priori	









La	 stéatose	 hépatique	 induite	 par	 un	 régime	 hyperlipidique	 est	 associée	 à	 une	
déplétion	de	Trég	qui	conduit	à	une	augmentation	de	l’activité	de	la	voie	du	TNF-α	dans	le	




spécifiquement	vers	 le	foie	que	 les	 lymphocytes	 issus	de	souris	saines.	Ces	propriétés	sont	




à	 une	 modification	 des	 sous-populations	 de	 lymphocytes	 T	 dans	 le	 foie	 ainsi	 qu’à	 une	
polarisation	 de	 la	 réponse	 immunitaire	 vers	 un	 phénotype	 pro-inflammatoire.	 Bien	 que	 la	
stéatose	 soit	 considérée	 comme	 bénigne,	 le	 foie	 stéatosique	 engendre	 un	 recrutement	
augmenté	de	lymphocytes.	
	 79	
Lors	 de	 la	 fibrose,	 outre	 la	 perturbation	 du	 pool	 de	 NKT,	 les	 différentes	
sous-populations	 lymphocytaires	 T	 participent	 également	 à	 l’aggravation	 de	 la	 pathologie.	
Une	fibrose	a	été	induite	par	des	injections	répétées	de	tétrachlorure	de	carbone	(CCl4)	soit	
chez	 des	 souris	 de	 fond	 génétique	 C57Bl/6,	 qui	 développent	 une	 réponse	 immunitaire	 de	
type	 pro-inflammatoire	 (Th1),	 soit	 chez	 des	 souris	 de	 fond	 génétique	 BALB/c	 qui	




De	 plus,	 les	 lymphocytes	 TCD8+	 peuvent	 également	 moduler	 le	 processus	 de	
fibrogenèse.	Des	souris	présentant	une	immunodéficience	combinée	sévère,	les	souris	SCID	
(pour	 l’anglais	 Severe	 Combined	 immuno	 Deficiency),	 traitées	 au	 CCl4	ne	 développent	 une	
fibrose	que	si	elles	ont	reçues	par	transfert	adoptif	des	lymphocytes	T	CD8+	(117).	Une	autre	
étude	a	mis	en	évidence	que	ce	 rôle	pro-fibrogénique	des	 lymphocytes	T	CD8+	serait	dû	à	












Les	 cellules	 de	 Kupffer	 sont	 capables	 de	 moduler	 l’inflammation	 hépatique	 par	
différentes	voies	de	signalisation.	Il	a	été	montré	que	les	KC	sont	recrutées	et	activées	chez	
les	 souris	 atteintes	 de	 NASH	 par	 rapport	 aux	 souris	 saines	 (120).	 Chez	 l’Homme,	
l’augmentation	 du	 nombre	 de	 KC	 est	 également	 corrélée	 à	 la	 sévérité	 histologique	 de	 la	








L’importance	des	KC	dans	 la	 stéatose	et	 la	NASH	a	été	mise	en	évidence	grâce	des	
expériences	 utilisant	 des	 modèles	 murins	 d’obésité	 déplétés	 en	 KC	 par	 un	 traitement	 au	
chlorure	 de	 gadolinium	 (123)	 ou	 par	 injection	 intraveineuse	 de	 liposomes	 chargés	 en	
clodronate	 (124).	 Dans	 les	 deux	 cas,	 la	 déplétion	 en	 KC	 améliore	 considérablement	 la	
sensibilité	 à	 l'insuline	 hépatique,	 l'hyperglycémie	 à	 jeun	 et	 la	 tolérance	 au	 glucose.	
L’amélioration	 de	 ces	 paramètres	 métaboliques	 est	 associée	 à	 une	 diminution	 du	
développement	de	la	stéatose	hépatique,	mais	aussi	à	une	réduction	du	poids	corporel	et	du	
TA.	 Ceci	 suggère	 une	 communication	 étroite	 entre	 le	 foie	 et	 le	 tissu	 adipeux	 dans	 le	
développement	 des	 altérations	 métaboliques	 lors	 de	 l’obésité	 induite	 par	 un	 régime	








LBP	 (pour	 l’anglais	LPS	Binding	Protein)	 présente	dans	 le	 sang,	prend	en	 charge	 le	 LPS.	 Le	
complexe	LBP/LPS	est	ensuite	présenté	au	récepteur	CD14	situé	à	la	surface	des	KC.	Les	KC	
expriment	 relativement	 peu	 de	 molécules	 CD14	 à	 leur	 surface	 en	 condition	 non	
pathologique	(129).	Cependant,	de	nombreux	stimuli	y	compris	les	endotoxines	(130)	ou	la	
consommation	excessive	d’alcool	(131),	peuvent	conduire	à	une	augmentation	des	niveaux	





Les	 éléments	 pathogènes	 (encadré	 rouge)	 sont	 reconnus	 et	 pris	 en	 charge	 par	 la	 protéine	 de	 liaison	 du	 LPS	
(LBP).	 La	 LBP	 apporte	 l’élément	 pathogène	 au	 récepteur	 CD14.	 La	molécule	 adaptatrice	MD2	 (pour	 l’anglais	






induit	 la	 synthèse	 de	 cytokines	 pro-inflammatoires	 à	 travers	 l’activation	 de	 NFκB	 (pour	




MD2	 ou	 le	 CD14,	 la	 signalisation	 du	 TLR	 4	 n’est	 pas	 effective	 et	 les	 souris	 sont	 alors	
protégées	de	 la	NASH	 (134,	135).	Nous	 reviendrons	 sur	 cette	voie	de	 signalisation	dans	 le	
chapitre	suivant	(figure	43).		
	
Des	 données	 expérimentales	 et	 cliniques	 ont	 montré	 que	 le	 niveau	 circulant	





































à	 l’alcool,	 l’alcoolisme,	 est	 reconnue	 par	 l’OMS	 comme	 une	 pathologie	 à	 part	 entière.	 La	
consommation	 d’alcool	 est	 associée	 à	 des	 troubles	 du	 comportement	 et	 à	 des	 troubles	
mentaux.	On	peut	voir	une	tolérance	s’établir	poussant	 le	consommateur	à	augmenter	 les	
doses	 d’alcool	 consommées.	 La	 progression	 vers	 l’alcoolisme	 est	 lente	 et	 se	 fait	 en	 trois	




L’OMS	 relate	 une	 augmentation	 de	 la	 consommation	 d’alcool	 mondiale	 depuis	 le	
début	du	XXIe	siècle.	La	consommation	d’alcool	varie	en	fonction	des	habitudes	culturelles	
des	 pays.	 On	 peut	 voir	 une	 corrélation	 entre	 la	 situation	 économique	 du	 pays	 et	 la	
consommation	d’alcool	 :	plus	 le	pays	est	développé	plus	 la	consommation	y	augmente	(en	
volume	 d’alcool).	 D’après	 les	 statistiques	 de	 2014	 de	 l’OMS	 (139),	 la	 France	 est	 en	 18e	





en	 moyenne.	 Bien	 que	 cette	 consommation	 soit	 stable	 depuis	 2010,	 il	 s’avère	 que	 les	
alcoolisations	 ponctuelles	 importantes	 (binge	 drinking)	 sont	 en	 hausse	 et	 sont	 passées	 de	
36	%	à	38	%	entre	2010	et	2014	(140).	
	








le	 cancer	 des	 voies	 aérodigestives	 conjointement	 avec	 le	 tabagisme	 (142)	 et	 les	maladies	
mentales	 liées	 à	 la	 consommation	 d’alcool.	 Toute	 consommation	 régulière	 peut,	 chez	 les	










































	 	 	 		
La	 maladie	 alcoolique	 du	 foie	 représente	 un	 spectre	 de	 modifications	
morphologiques	 qui	 sont	 similaires	 à	 celles	 décrites	 pour	 la	 NAFLD.	 D’un	 point	 de	 vue	
historique,	ces	descriptions	anatomo-pathologiques	ont	d’ailleurs	été	observées	dans	la	MAF	
bien	avant	qu’on	ne	parle	de	NAFLD.	Malgré	de	nombreux	points	communs	entre	ces	deux	
pathologies,	 notamment	 les	 caractéristiques	 histologiques,	 certaines	 caractéristiques	 sont	
































la	 fibrose,	 la	cirrhose	 jusqu’au	carcinome	hépatocellulaire.	Cependant	au	cours	de	 la	MAF,	






une	 cirrhose	 et	 un	 carcinome	 hépatocellulaire.	 Dans	 certains	 cas,	 on	 observe	 une	 hépatite	 alcoolique	 aigüe	
sévère	(HAA).		
	
La	stéatose	dans	 la	MAF	a	 les	mêmes	caractéristiques	que	celle	 rencontrée	dans	 la	
NAFLD.	 Toutefois,	 contrairement	 à	 la	 NAFLD	 qui	 présente	 une	 stéatose	 plutôt	
macrovésiculaire,	 la	 MAF	 peut	 être	 autant	 macrovésiculaire	 que	 microvésiculaire.	 Les	
mécanismes	 responsables	de	cette	 stéatose	mixte	 reste	cependant	peu	clairs.	Par	ailleurs,	
quelques	 cas,	 rares,	 de	 stéatose	microvésiculaire	 ont	 également	 été	 décrit	 au	 cours	 de	 la	
NAFLD	(146).	
	
Les	 effets	 de	 l’alcool	 sur	 la	 dérégulation	 du	 métabolisme	 des	 lipides	 dans	 le	 foie	
stéatosique	avaient	déjà	été	décrits	en	1979	(147).	Ces	mêmes	effets	ont	été	décrits	dans	la	
NAFLD	 en	 1980	 en	 comparant	 des	 biopsies	 hépatiques	 de	 patients	 obèses	 et	 de	 patients	





















L’HAA	 est	 définie	 histologiquement	 par	 l’association	 de	 la	 présence	 de	 ce	 «	
ballooning	 »	 au	 sein	 des	 hépatocytes	 accompagnée	 d’une	 nécrose	 hépatocytaire,	 d’une	
infiltration	 leucocytaire	 à	 polynucléaires	 neutrophiles	 et	 de	 corps	 de	 Mallory	 (149).	 La	
formation	 de	 corps	 de	 Mallory	 est	 la	 conséquence	 d’une	 profonde	 désorganisation	 du	





Le	score	de	Maddrey,	qui	est	un	calcul	différent	de	 la	MELD	(chapitre	 IV,	 figure	25,	
pages	60),	permet	d’évaluer	la	fonction	hépatique	(151).	Ce	score	tient	compte	du	taux	de	





Le	 score	de	Maddrey	permet	d’évaluer	 la	 fonction	hépatocytaire	en	 tenant	 compte	du	 taux	de	prothrombine	
(TP,	en	seconde)	et	de	la	capacité	à	éliminer	la	bilirubine	(en	μmol/L).	
	
L’HAA	 survient	 sur	 un	 foie	 déjà	 cirrhotique	 dans	 une	 très	 grande	 majorité	 de	 cas	
(environ	 91	 %	 des	 patients	 HAA	 sont	 cirrhotiques	 pour	 9	 %	 de	 patients	 non	 cirrhotiques	
(152).	En	général,	à	ce	stade,	l’inflammation	persiste	malgré	l’arrêt	de	l’alcool	(149).	Ce	stade	
de	 la	 pathologie	 présente	 un	 risque	 vital	 car	 ces	 patients	 présentent	 une	 défaillance	
hépatocytaire	importante	(infections,	ascites,	hémorragies	...).	Le	seul	traitement	disponible	
à	 ce	 jour	 est	 l’utilisation	 de	 glucocorticoïdes,	 dont	 l’efficacité	 n’est	malheureusement	 pas	
égale	chez	tous	les	patients.			
La	 survenue	 d’une	 cholestase	 intra-hépatique	 ainsi	 que	 la	 prolifération	 de	 canaux	








Comme	 les	canaux	biliaires	 sont	obstrués,	une	accumulation	du	cholestérol	dans	 le	












L’alcool	 ingéré	passe	 la	barrière	du	tractus	gastro-intestinal	 (TGI).	La	distribution	de	
l’éthanol	par	 la	 circulation	sanguine	est	 très	 rapide	 (demi-vie	de	distribution	de	7	minutes	
















L’alcool	 déshydrogénase	 (ADH)	 est	 la	 principale	 enzyme	 cytosolique	 qui	 convertit	 l'alcool	 en	 acétaldéhyde.	
L'enzyme	CYP2E1	forme	aussi	l’acétaldéhyde	au	niveau	des	microsomes	du	réticulum	endoplasmique	(RE).	Une	












































2. La	 voie	 microsomale,	 appelé	 MEOS	 (pour	 l’anglais	 Microsomal	 Ethanol	
Oxidizing	 System)	 implique	 le	 cytochrome	 P450	 2E1,	 plus	 connu	 sous	 le	 nom	 de	 CYP2E1.	
Cette	oxydation	est	hautement	inductible	par	la	consommation	d’alcool	chez	l’Homme.		
Une	alcoolisation	chronique	induira	une	augmentation	de	CYP2E1,	corrélée	à	une	diminution	





l’alcool	 par	 cette	 voie	 reste	 cependant	 très	 faible	 (inférieure	 à	 2	 %)	 car	 les	 taux	
physiologiques	de	production	d’	H2O2	hépatique	sont	minimes.	Cette	voie	de	dégradation	de	
l’alcool	via	la	catalase	est	plus	utilisée	au	niveau	du	cerveau.	En	effet,	des	études	ont	montré	
que	 l’inhibition	 de	 la	 catalase	 entraîne	 une	 diminution	 par	 le	 cerveau	 de	 l’oxydation	 de	
l’alcool	 en	 acétaldéhyde.	 L'acétaldéhyde	 provenant	 de	 la	 catalase	 dans	 le	 cerveau	 a	 été	
proposée	pour	 jouer	un	rôle	dans	 le	développement	de	 la	tolérance	à	 l'alcool,	notamment	
par	l'interaction	avec	les	catécholamines	(157).		
	
L’acétaldéhyde	est	 un	métabolite	 très	 toxique	 car	 il	 est	 très	 réactif	 et	 forment	des	
adduits	 avec	 les	 protéines	 et	 l’ADN.	 Ces	 adduits	 sont	 particulièrement	 nocifs	 pour	 la	
mitochondrie	car	il	favorise	la	mort	cellulaire	en	épuisant	les	stocks	de	glutathion	réduit	et	
en	augmentant	la	péroxydation	lipidique	et	les	effets	toxiques	des	radicaux	libres.	Ainsi,	les	











rapidement	 en	 acétate	 grâce	 à	 l’aldéhyde	 déshydrogénase	 (ALDH).	 Cette	 enzyme	 est	
retrouvée	majoritairement	dans	la	mitochondrie	et	plus	faiblement	dans	le	cytoplasme	et	les	




l’ALDH2	 induit	une	accumulation	d’acétaldéhyde	dans	 le	 sang	périphérique,	 connu	 sous	 le	
nom	de	«	syndrome	de	flush	»	et	est	caractérisé	par	des	rougeurs	faciales,	de	la	tachycardie,	
des	nausées	et	des	maux	de	tête.		

























une	 inhibition	 du	 cycle	 de	 Krebs,	 de	 la	 glycogenèse	 et	 inhibe	 également	 la	 β-oxydation	
mitochondriale.		
En	effet,	 la	β-oxydation	mitochondriale	utilise	 comme	cofacteur	du	NAD+	qui	 a	été	
fortement	 consommé	 par	 le	 métabolisme	 de	 l’alcool.	 La	 β-oxydation	 des	 AG	 est	 donc	










L’éthanol	 provoque	 des	 changements	 physiques	 dans	 toutes	 les	 membranes	
biologiques	 y	 compris	 dans	 celles	 de	 la	 mitochondrie	 hépatique	 et	 du	 RE.	 La	 présence	
d’éthanol	fluidifie	directement	les	bicouches	lipidiques	membranaires,	aussi	bien	chez	le	rat,	
la	 souris	 ou	 sur	 des	 cultures	 cellulaires.	 Il	 est	 à	 noter	 que	 lors	 d’une	 consommation	
chronique	 d’alcool,	 les	 membranes	 cellulaires	 peuvent	 résister	 aux	 effets	 de	 l’éthanol	 en	
adaptant	 leur	 contenu	 lipidique	 régulant	 ainsi	 la	 fluidité	 membranaire.	 En	 plus	 des	
changements	 dans	 la	 composition	 des	 membranes,	 l’alcool	 change	 la	 composition	 des	






















l'activité	 de	 SREBP-1	 et	 la	 diminution	 d’activité	 du	 récepteur	 PPAR-α	 favorisant	
l’accumulation	 des	 TG.	 Ces	 résultats	 obtenus	 in	 vitro	 ont	 été	 confirmés	 dans	 un	 modèle	
murin	et	montrent	que	le	niveau	de	SREBP-1	hépatique	est	significativement	plus	élevé	chez	
les	souris	exposées	à	l'éthanol	(163,	164).		
L'effet	 de	 l'éthanol	 sur	 SREBP-1	 semble	 être	 médiée	 par	 le	 métabolisme	 de	
l'acétaldéhyde.	En	effet,	dans	des	modèles	in	vitro,	des	expériences	utilisant	un	inhibiteur	de	







La	 consommation	 excessive	 d’alcool	 chronique	 entraîne	 une	 induction	 du	 système	
MEOS,	et	aussi	de	 l’expression	de	CYP2E1	 (166).	Or,	 le	CYP2E1	peut	 inhiber	 l'activation	de	
PPAR-α,	régulateur	positif	de	 la	β-oxydation,	et	ainsi	contribuer	au	développement	du	foie	
stéatosique	 alcoolique	 (Lu	 2008).	 Des	 études	 in	 vivo	 faites	 chez	 le	 rat	 ont	 montré	 une	
régulation	 négative	 de	 l'activité	 de	 PPAR-α	 au	 cours	 de	 la	 stéatose	 hépatique	 (167).	 Le	













Ces	 résultats	 relient	 le	métabolisme	 de	 l’alcool	 à	 la	 dérégulation	 de	 l’homéostasie	
lipidique.	Si	les	mécanismes	ne	sont	pas	totalement	identiques,	que	ce	soit	dans	la	MAF	ou	la	
NAFLD,	 la	 dérégulation	des	 ratios	 des	 coenzymes	NADH	 reste	 un	 facteur	 commun	majeur	
essentiel.	Ces	altérations	des	 ratios	de	NAD+/NADH	entraînent	une	activation	accrue	de	 la	








L’activation	 des	 cellules	 de	 Kupffer	 joue	 un	 rôle	 clé	 dans	 les	 étapes	 précoces	 de	
l’inflammation	au	cours	de	la	MAF.		









Les	 auteurs	 observaient	 par	 microscopie	 électronique	 à	 transmission,	 une	
augmentation	 du	 nombre	 de	 macrophages	 hépatiques	 dans	 la	 région	 périportale	 de	 rats	









(pour	 l’anglais	 TNF	 receptor	 1),	 empêchent	 le	 TNF-α	 d'exercer	 ses	 effets,	 et	 les	 souris	 ne	
développent	 pas	 de	 lésions	 hépatiques	 après	 une	 alcoolisation	 (170).	 Par	 ailleurs,	 les	
patients	 ayant	 une	 hépatite	 alcoolique	 sévère	 présentent	 une	 sécrétion	 de	 TNF-α	
augmentée.	 Afin	 de	 confirmer	 la	 participation	 des	 KC	 aux	 lésions	 hépatiques	 causée	 par	









ailleurs,	 le	complexe	NADPH	oxydase,	actif	surtout	dans	 les	phagocytes	activés	donc	 la	KC,	
est	 connu	 pour	 être	 une	 source	 majeure	 de	 ROS	 dans	 la	 MAF.	 Afin	 de	 prouver	 cette	
hypothèse,	des	souris	avec	une	déficience	totale	d’une	sous-unité	de	la	NADPH	oxydase	ont	
été	 alcoolisées.	 Ces	 études	 ont	 montré	 une	 réduction	 de	 la	 production	 des	 ROS,	 de	
l’inflammation	et	une	diminution	des	lésions	hépatiques.	De	plus,	en	utilisant	un	inhibiteur	
de	la	NADPH	oxydase	chez	des	rats	alcoolisés,	des	résultats	identiques	sont	observés	(174).	
Ces	données	 sont	 cohérentes	 avec	 l'hypothèse	qu’au	 cours	de	 la	MAF,	 la	 saturation	de	 la	
NADPH	oxydase	dans	les	KC	joue	un	rôle	majeur	dans	la	production	de	ROS.	Cette	voie	de	la	
NADPH	oxydase	des	KC,	est	ainsi	une	de	celle	qui	participe	à	l’inflammation	en	diminuant	la	
capacité	 de	 la	 β-oxydation	 mitochondriale	 par	 manque	 de	 cofacteurs,	 à	 l’instar	 de	 la	
réoxydation	des	 coenzymes	 réduits	NAD+/NADH	dans	 les	hépatocytes	 (figure	39,	page	89)	
(175).		
	
Il	 a	 été	 clairement	 établi	 que	 la	 perméabilité	 intestinale	 est	 augmentée	 suite	 à	 la	
consommation	 chronique	 d'alcool	 et	 corrélée	 à	 une	 augmentation	 significative	 des	 taux	
d'endotoxines	 (176,	 177).	 Cette	 rupture	 de	 la	 barrière	 intestinale	 est	 associée	 à	 une	




La	 littérature	 scientifique	a	établi	 l’importance	de	chaque	acteur	de	 la	 signalisation	
TLR	4	dans	les	lésions	hépatiques	au	cours	de	la	MAF	en	employant	des	souris	transgéniques	
déficientes	 pour	 ces	 acteurs.	 Si	 l’on	 bloque	 la	 voie	 TLR	 4	 en	 utilisant	 des	 souris	 C3H/HeJ	
ayant	un	TLR	4	muté	défectueux,	celles-ci	ne	présentent	plus	de	lésions	hépatiques	induites	
par	 l'alcoolisation	 chronique	 comparées	 aux	 souris	 non	 mutées	 (180).	 D'autres	 études	
utilisant	des	souris	déficientes	en	CD14	(181)	ou	en	LBP	(182)	ont	permis	de	montrer	 leurs	
rôles	 dans	 la	 de	 la	 voie	 d’activation	 du	 TLR	 4	 au	 cours	 de	 la	 MAF.	 Des	 études	 se	 sont	
concentrées	sur	le	rôle	de	Myd88,	une	des	voies	de	signalisation	activée	par	le	TLR	4	dans	les	
dommages	hépatiques	liés	à	l’alcool.	Ils	ont	montré	que	la	déficience	en	Myd88	ne	prévient	
pas	 l’inflammation	 et	 les	 lésions	 hépatiques.	 Ainsi,	 la	 voie	 de	 signalisation	 du	 TLR	 4,	































































Les	KC	au	cours	de	 la	MAF	participent	également	à	 la	 fibrose.	La	surconsommation	
d’éthanol	 induit	 une	 augmentation	 de	 la	 production	 de	 TGF-α	 (184)	 et	 de	 TGF-β	 par	 les	












































Premièrement,	 les	 cellules	NK	 impliquées	 dans	 l’immunité	 innée,	 reconnaissent	 les	
CEH	 activées	 comme	 des	 cellules	 modifiées	 car	 elles	 produisent	 un	 ligand	 activateur	 des	
cellules	NK	:	RAE-1	(pour	l’anglais	Retinol	Acid	Early	inducible	gene	1),	reconnu	par	NKG2D	et	
de	 surcroît,	 les	 CEH	 activés	 présentent	 une	 expression	 moindre	 du	 CMH-I,	 un	 ligand	
inhibiteur	des	NK	(189).	La	mort	cellulaire	des	CEH	se	déroule	selon	un	mécanisme	de	mort	




Deuxièmement,	 les	 cellules	 NK	 diminuent	 la	 fibrose	 hépatique	 via	 la	 production	
d’IFN-γ,	 une	 cytokine	 qui	 induit	 l’arrêt	 du	 cycle	 cellulaire	 des	 CEH	 et	 une	 apoptose	
dépendante	 de	 STAT-1	 (pour	 l’anglais	 Signal	 Transducer	 and	 Activator	 of	 Transcription	 1)	
dépendante.		
Au	cours	de	la	MAF,	la	diminution	du	nombre	de	NK	ne	pourra	donc	plus	refreiner	la	





dans	 un	 modèle	 murin	 d’alcoolisation,	 si	 on	 active	 les	 lymphocytes	 NKT	 via	
l’	α-galactosylcéramide	 (α-GC),	 on	 augmente	 le	 degré	 des	 lésions	 hépatiques	 (figure	 45B).	
Des	 souris	 alcoolisées	 déficientes	 en	 CD1d	 (CD1d-/-)	 présentent	 une	 diminution	 des	
lymphocytes	NKT	et	ne	développent	pas	de	lésions	hépatiques	(figure	45	C).	Par	conséquent,	





Histologie	de	 foies	de	souris	nourries	au	 régime	contrôle	 (A)	ou	alcoolisées	 (B)	et	 foie	de	souris	CD1d-/-	ayant	





souris	déficient	en	 iNKT	 (pour	 l’anglais	 invariant	NKT)	par	 la	délétion	de	 leur	TCR	 invariant	








Il	 existe	 donc	 d’autres	 facteurs	 que	 l’obésité	 ou	 la	 consommation	 d’alcool	
intervenant	dans	l’aggravation	de	ces	pathologies.	Parmi	ces	facteurs	et	compte	tenu	du	rôle	








respectivement	 «	 petit	 »	 et	 «	 vie	 ».	 Ce	 terme	 est	 approprié	 car	 le	 microbiote	 regroupe	















Le	 foie	 et	 le	 tractus	 gastro-intestinal	 sont	 intimement	 liés	 tant	 d’un	 point	 de	 vue	




sinusoïdes	 du	 foie	 permet	 des	 interactions	 entre	 les	 substances	 dérivées	 de	 l’intestin,	 les	















commensales	peuvent	échapper	au	 système	et	 se	 retrouver	dans	 le	 sang.	 L’étude	 réalisée	
par	 le	 groupe	de	Balmer	a	montré	que	 la	présence	d’anticorps	dirigés	 contre	des	espèces	
bactériennes	 commensales	 était	 un	 reflet	 de	 ces	 altérations.	 Dans	 les	 hépatopathies	
métaboliques,	 les	 patients	 présentant	 différents	 stades	 de	 la	 NAFLD,	 stéatose,	 NASH	 ou	
cirrhose	 présentaient	 tous	 des	 immunoglobulines	 (Ig)	 IgA	 et	 des	 IgG	 circulants	 dirigées	
contre	des	bactéries	commensales,	aérobies	ou	anaérobies.	Ceci	peut	entraîner	l’activation	
spontanée	 des	 réponses	 immunitaires	 et	 induire	 une	 réponse	 systémique	 contre	 ces	
bactéries	commensales	(196).	Dans	les	hépatopathies	humaines	précédemment	décrites	(la	
NAFLD	 et	 la	 MAF)	 ainsi	 que	 dans	 les	 modèles	 murins	 associés,	 il	 a	 déjà	 été	 décrit	 une	




Ces	 données	 renforcent	 donc	 au-delà	 de	 l’axe	 portal,	 l’importance	 de	 cette	 triade	










levures	 (198).	 Nous	 détaillerons	 les	 données	 actuelles	 qui	 sont	 connues	 concernant	 les	
populations	bactériennes.	Ces	bactéries	peuplant	 le	microbiote	 intestinal	sont	nombreuses	
et	 sont	 classées	 selon	 différents	 niveaux	 taxonomiques.	 Cette	 taxonomie	 est	 un	 système	
d’emboîtement	 qui	 peut	 être	 illustrée	 comme	 des	 poupées	 gigognes.	 Les	 bactéries	
représentent	un	règne,	celui-ci	est	composé	de	phyla,	l'embranchement	taxonomique	le	plus	
élevé,	eux-mêmes	divisés	en	classes.	Ces	classes	se	divisent	en	ordres,	eux	mêmes	répartis	






Les	 principaux	 rangs	 des	 taxons	 par	 ordre	 décroissant	 (en	 partant	 du	 haut	 vers	 le	 bas)	 du	 schéma	 sont	 :	 le	
règne,	 le	phyla,	 la	classe,	 l'ordre,	 la	famille,	 le	genre,	et	 l'espèce	avec	un	exemple	à	droite.	Adapté	de	l’article	
taxonomie	(wikipédia.fr).	
	
Avec	 10	 à	 100	 trillions	 (1014)	 de	 bactéries,	 notre	 intestin	 représente	 le	microbiote	


















La	 concentration	 bactérienne	 dans	 le	 TGI	 augmente	 suivant	 un	 gradient	 oro-anal.	
Ainsi,	 l’estomac	 présente	 une	 concentration	 bactérienne	 faible	 avec	 seulement	 104	
bactéries/g	de	contenu,	alors	que	l’intestin	grêle	en	comptabilise	nettement	plus	avec	104	à	













aérobies	 telles	 que	 des	 Escherichia	 coli	 ou	 des	 aéro-anaérobies	 facultatives	 comme	



































Du	 fait	 des	 conditions	 particulières	 de	 vie	 des	 bactéries	 et	 en	 particulier	 les	
aéro-anaérobies	 strictes,	 une	majorité	 de	 nos	 bactéries	 intestinales	 est	 peu	 étudiable	 par	
des	méthodes	de	 cultures	 classiques	 (203).	 L’avènement	de	 la	 biologie	moléculaire	 et	 des	
techniques	 de	 séquençage	 à	 haut	 débit	 ont	 permis	 ces	 dernières	 années	 une	 avancée	
considérable	dans	l’identification	des	espèces	bactériennes	colonisant	notre	tube	digestif	et	
la	compréhension	de	leurs	fonctions	dans	l’organisme.	Par	ailleurs,	la	compréhension	du	rôle	
du	MI	a	 largement	été	améliorée	par	 l’utilisation	de	 souris	axéniques,	nées	 stérilement	et	

























participent	à	 la	 fermentation	des	nutriments	et	 fibres	non	digérées.	Dans	 la	suite	de	cette	
partie,	je	vais	détailler	les	populations	bactériennes	intervenant	dans	ces	processus.		
L’intestin	reçoit	tous	les	jours	environ	5	à	8	g	de	lipides.	Ces	lipides	peuvent	être	des	
lipides	 bactériens,	 des	 lipides	 provenant	 de	 la	 desquamation	 des	 colonocytes	 ou	 de	
l’alimentation.	 Ces	 lipides	 parvenant	 dans	 le	 côlon	 subissent	 de	multiples	 transformations	
effectuées	 par	 les	 bactéries	 du	 microbiote	 intestinal	 (hydrolyse,	 oxydation,	 réduction,	
hydroxylation...).	 Pour	 effectuer	 ces	 transformations,	 les	 espèces	 bactériennes	 possèdent	
des	fonctions	de	lipases	qui	peuvent	hydrolyser	les	AGCL	(205).		
	























L’acétate	 est	 synthétisée	 par	 la	 majorité	 des	 espèces	 prédominantes	 du	 côlon,	
comme	 les	 Bacteroides,	 Clostridium,	 Bifidobacterium,	 Ruminococcus,	 Eubacterium	 ou	
Fusobacterium.	 Le	 propionate	 est	 principalement	 synthétisé	 par	 les	 espèces	 du	 genre	
dominant	 des	 Bacteroides,	 des	 Propionibacterium	 ainsi	 que	 par	 celui	 des	 Veillonella.	 Le	
butyrate,	 quant	 à	 lui,	 est	 synthétisé	 par	 les	 bactéries	 du	 genre	 Clostridium,	 Eubacterium,	
Fusobacterium	et	Butyrivibrio	(206).		
Le	MI	 produit	 aussi	 des	métabolites	 intermédiaires	 notamment	 le	 lactate.	 Dans	 le	
côlon	humain,	les	bactéries	lactiques,	productrices	de	lactate,	appartiennent	principalement	
aux	 genres	Bifidobacterium,	 Lactobacillus,	Streptococcus	ainsi	 qu’aux	 genres	Enterococcus.	
Ces	 métabolites	 intermédiaires	 sont	 ensuite	 transformés	 en	 AGCC	 par	 les	 populations	
bactériennes	précédemment	citées.	
Les	 AGCC	 sont	 rapidement	 absorbés	 au	 niveau	 de	 l’épithélium	 intestinal	 et	 sont	
métabolisés	dans	différents	organes	(épithélium	colique,	foie,	muscle,	cœur...)	(202).	
	
Le	 colon	 reçoit	 également	 du	 cholestérol	 dont	 70	%	 provient	 de	 la	 bile,	 20	%	 des	
aliments	non	absorbés	au	niveau	de	l’intestin	grêle	et	les	10	%	restants	de	la	desquamation	
des	muqueuses	 intestinales	 (207).	Le	MI	est	capable	de	métaboliser	 le	cholestérol	 reçu	en	
coprostanol,	qui	est	non	absorbé	par	l’intestin	et	éliminé	dans	les	fèces.	Ce	métabolisme	du	
cholestérol	 chez	 les	 individus	 se	 fait	 selon	 la	 composition	 du	MI.	 En	 effet,	 elle	 est	 liée	 au	





acides	 biliaires.	 Pendant	 la	 circulation	 entéro-hépatique,	 la	 majorité	 des	 acides	 biliaires	
(95	%),	arrivent	au	niveau	de	l'intestin	grêle	et	rencontrent	les	bactéries	du	MI,	qui	peuvent	
les	 métaboliser	 (209,	 210)	 (chapitre	 I,	 figure	 5,	 page	 24).	 Ces	 transformations	 sont	
nombreuses,	 et	 on	 retrouve	 notamment	 la	 déconjugaison,	 l’oxydation	 ou	 encore	 la	
7-déshydroxylation.	 Chacune	 de	 ces	 transformations	 est	 médiée	 par	 une	 population	
bactérienne.	 Par	 exemple,	 la	 7-déshydroxylation	 qui	 s’occupe	 de	 la	 dégradation	 du	
cholestérol	 en	 AB	 primaires	 et	 secondaires	 est	 catalysée	 par	 la	 7-α-hydroxylase.	 Cette	
hydrolase	 appartient	 à	 des	 espèces	 appartenant	 aux	 genres	 Clostridium	 chez	 l’Homme.	
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L’implication	du	MI	dans	le	métabolisme	des	glucides	et	des	lipides	a	été	également	
démontrée	 par	 l’utilisation	 de	 souris	 axéniques	 comparées	 à	 des	 souris	 ayant	 un	MI.	 Ces	
études	ont	montré	que	les	souris	axéniques	étaient	plus	minces	et	avaient	une	quantité	de	
tissu	 adipeux	 réduite	 comparée	 aux	 souris	 conventionnelles	 (199).	 Ces	 résultats	montrent	
que	le	MI	contribue	à	l’absorption	par	l’hôte	de	glucides	et	de	lipides	et	régule	le	stockage	
des	 graisses	 (211).	 La	 colonisation	 de	 ces	 souris	 axéniques	 par	 un	 MI	 aboutit	 à	 une	
augmentation	 de	 leur	 poids	malgré	 une	 réduction	 de	 la	 prise	 alimentaire.	 Le	MI	 est	 donc	
capable	d’augmenter	l’absorption	de	glucides	et	est	donc	un	partenaire	important	dans	les	
changements	 des	métabolismes	 lipidique	 et	 glucidique	 rencontrés	 dans	 l’obésité.	 Dans	 ce	
contexte,	le	rôle	du	MI	a	été	très	étudié	dans	le	cas	de	l’obésité	(partie	2	de	ce	chapitre).		
Ainsi	 le	MI	est	capable	d’interagir	avec	tous	les	composés	qu’il	rencontre	aussi	bien	












Les	 bactéries	 jouent	 un	 rôle	 de	 barrière	 contre	 les	 bactéries	 exogènes	
potentiellement	 pathogènes	 et	 s’opposent	 à	 leur	 colonisation	 dans	 l’intestin.	 En	 effet,	 en	
occupant	la	niche	intestinale	elles	freinent	la	prolifération	de	ces	bactéries	exogènes.	De	plus,	
cette	 colonisation	bactérienne	est	essentielle	dans	 la	maturation	du	 système	 immunitaire.	
Les	 études	 réalisées	 avec	 l’utilisation	 des	modèles	 axéniques	 ont	 permis	 de	 démontrer	 le	
rôle	 crucial	 du	 MI	 dans	 l’initiation,	 le	 développement	 et	 la	 maturation	 du	 système	
immunitaire	 (213,	 214).	 En	 effet,	 ces	 animaux	 présentent	 de	 nombreuses	 anomalies	
physiologiques	 avec	 notamment	 un	 système	 immunitaire	 défaillant	 aussi	 bien	 au	 niveau	
intestinal	que	dans	les	autres	organes	comme	la	rate	ou	les	ganglions.		
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L’inoculation	d’un	MI	chez	ces	 souris	axéniques	permet	de	 restaurer	une	 immunité	
fonctionnelle.	 En	 stimulant	 continuellement	 le	 système	 immunitaire,	 le	MI	 participe	 à	 son	
développement,	sa	maturation,	mais	également	au	maintien	de	l’homéostasie	intestinale,	de	





Le	 MI	 de	 l’Homme	 se	 compose	 de	 2	 phylas	 majoritaires,	 les	 Firmicutes	 et	 les	
Bacteroidetes	 qui	 représentent	 à	 eux	 seuls	 plus	 de	 80	 %	 du	 MI.	 On	 trouve	 également	


















puisque	 les	 analyses	 précédemment	 réalisées	 par	 TTGE	 (pour	 l’anglais	 Temporal	






Chaque	 individu	 héberge	 une	 composition	 bactérienne	dans	 son	microbiote	 qui	 lui	
est	propre.	Cette	carte	d’identité	bactérienne	est	séparée,	à	 l’instar	des	groupes	sanguins,	
en	trois	entérotypes.	Chaque	entérotype	est	caractérisée	par	un	genre	bactérien	dominant.	
Les	Bacteroides	 prédominent	dans	 l’entérotype	1,	 les	 Prevotella	 dans	 l’entérotype	2	et	 les	










La	 dysbiose	 intestinale	 est	 un	 déséquilibre	 du	 microbiote	 qui	 va	 avoir	 des	 effets	






La	 maladie	 de	 Crohn	 est	 associée	 à	 une	 réduction	 quantitative	 et	 qualitative	 des	















Comme	 nous	 l’avons	 vu	 précédemment,	 le	 MI	 participe	 à	 la	 régulation	 des	








MI	 d’obèses	 (Homme	et	 rongeurs)	 a	 permis	 de	mettre	 en	 évidence	des	modifications	 des	
proportions	de	ces	deux	phylas	majeurs	(228).	Une	normalisation	du	poids,	suite	à	une	diète	
hypocalorique	 chez	 des	 patients	 obèses	 permet	 de	 restaurer	 le	 ratio	
Firmicutes/Bacteroidetes	similaire	à	celui	observé	chez	des	patients	normo-pondérés	(229).		
Des	 études	 chez	 l’Homme	 ont	 établi	 des	 variations	 dans	 les	 classes	 des	




des	 études	 récentes	 faites	 sur	 un	 modèle	 murin	 de	 souris	 obèses	 ont	 montré	 que	 les	




Plus	 récemment,	 des	dysbioses	ont	 été	 associées	 spécifiquement	 à	 la	NAFLD.	Ainsi	
chez	 des	 patients	 ayant	 une	 NASH,	 une	 augmentation	 des	 Clostridium	 coccoides	 a	 été	
observée	 par	 rapport	 à	 des	 sujets	 sains	 ou	 n'ayant	 qu'une	 stéatose	 isolée	 (235).	 Des	





production	d’alcool.	 L’alcool	produit	par	 le	MI	participerait	 aux	 lésions	hépatiques	dans	 la	
NAFLD	(236).		
	











développé	 une	 inflammation	 systémique,	 une	 insulino-résistance	 et	 une	 stéatose	 (définie	
comme	 souris	 répondeuse),	 et	 une	 souris	 n’ayant	 pas	 développé	 ces	 désordres	
métaboliques	 (définie	 comme	 souris	 non	 répondeuse).	 Deux	 groupes	 de	 souris	 axéniques	
indépendants	ont	été	inoculés	séparément	avec	le	MI	de	ces	deux	souris	et	ont	été	soumis	à	
leur	 tour	 à	 un	 régime	 hypercalorique.	 Seules	 les	 souris	 ayant	 reçu	 le	 MI	 de	 la	 souris	
répondeuse	ont	développé	une	insulino-résistance	et	une	stéatose,	montrant	le	rôle	causal	
du	MI	dans	la	genèse	de	la	NAFLD.		
Les	 pourcentages	 de	 Bacteroides	 ne	 divergeaient	 pas	 entre	 les	 deux	 types	 de	MI.	
Toutefois,	 l’espèce	Bacteroides	vulgatus	était	surreprésentée	dans	 le	microbiote	des	souris	
ne	 développant	 pas	 de	 stéatose	 suggérant	 un	 rôle	 protecteur	 possible	 de	 cette	 bactérie.	
Inversement,	 une	 espèce	 de	 Lachnospiraceae	 et	 Barnesiella	 intestinihominis	 étaient	 plus	
abondantes	 chez	 les	 souris	 développant	 des	 complications	 hépatiques	 (237).	 Ces	 résultats	




la	 progression	 des	 lésions	 hépatiques	 au	 cours	 de	 la	 NAFLD.	 Cependant,	 la	 grande	








de	 la	MAF	est	 récente.	Toutefois,	d’anciennes	études	avaient	déjà	montré	que	 l’utilisation	
d’antibiotiques	 qui	 ciblent	 les	 bactéries	 du	 TGI,	 protégeait	 les	 rats	 des	 lésions	 hépatiques	
causées	par	l’alcool	(238).		
L’altération	 de	 la	 barrière	 intestinale	 lors	 de	 la	 consommation	 d’alcool	 est	 établie	
depuis	plusieurs	années.	Une	augmentation	de	la	concentration	d’alcool	sanguin	est	en	effet	
associée	 à	 une	 moindre	 expression	 des	 protéines	 impliquées	 dans	 les	 jonctions	 serrées	
intestinales	(239).	De	nombreuses	études	ont	ainsi	montré	qu’une	consommation	chronique	




animaux	soumis	à	un	régime	alcool	(244).		 Dans	 les	 modèles	 animaux,	 une	 corrélation	
significative	 existe	 entre	 les	 niveaux	 d'endotoxines	 et	 la	 sévérité	 de	 l'atteinte	 hépatique	
induite	par	l'alcool	(176).	
	
Dans	 la	 consommation	 excessive	 d’alcool,	 les	 bactéries	 commensales	 peuvent	
également	 intervenir	 dans	 le	 métabolisme	 de	 l’alcool	 et	 de	 son	 dérivé	 métabolique,	
l'acétaldéhyde	(155).	Or	ces	deux	composés	participent	à	la	rupture	de	la	barrière	intestinale	
qui	va	participer	à	la	survenue	de	la	MAF	(245).		
Le	MI	pourrait	donc	 jouer	un	double	rôle	dans	 le	développement	de	 la	MAF,	d’une	
part	 en	 participant	 à	 l’augmentation	 de	 la	 perméabilité	 intestinale	 via	 la	 production	
d’acétaldéhyde,	 et	 d’autre	 part	 comme	 source	 de	 LPS	 ou	 d’autres	 composants	 bactériens	
capables	d’induire	une	inflammation	hépatique.	
	





Ces	 modifications	 du	 MI	 sont	 associées	 à	 une	 augmentation	 de	 la	 translocation	
bactérienne	 et	 à	 une	 réduction	de	 l’expression	 intestinale	 des	 peptides	 antimicrobiens	 de	
type	 lectines	RegIII-β	et	RegIII-γ.	Une	autre	étude	a	montré	que	 l’administration	d’alcool	à	
des	 souris	 augmentait	 les	 proportions	 de	 Proteobacteria	 et	 d’Actinobacteria,	 tandis	 que	
celles	 de	 Bacteroidetes	 et	 de	 Firmicutes	 étaient	 diminuées.	 Ces	 modifications	 de	 la	
proportion	 des	 phyla	 constituant	 le	MI	 s’accompagnaient	 d’une	 réduction	 de	 la	 diversité	
bactérienne	(247).	
Les	résultats	chez	l’Homme	sont	similaires,	avec	une	diminution	des	Bacteroidetes	et	
une	 augmentation	 des	 Actinobacteria	 et	 des	 Proteobacteria	 (248).	 Plus	 récemment,	 il	 a	
néanmoins	 été	 montré	 que	 tous	 les	 patients	 alcooliques	 n'avaient	 pas	 les	 mêmes	
modifications	du	MI.		
	
L'alcool	et	 les	produits	microbiens	générés	ainsi	que	 les	changements	dans	 le	MI	et	
l'augmentation	 de	 la	 translocation	 bactérienne	 pourraient	 en	 synergie	 promouvoir	 la	
progression	de	la	MAF.	
	







Les	 mécanismes	 responsables	 de	 l’évolution	 de	 la	 stéatose	 vers	 des	 formes	 plus	
sévères	de	la	NAFLD	et	de	la	MAF	sont	donc	complexes	et	ne	sont	pas	encore	tous	connus.	





Mon	 travail	 de	 thèse	 a	 consisté	 à	 clarifier	 ces	 différents	 points.	 En	 effet,	 j’ai	 tout	
d’abord	focalisé	mon	étude	sur	le	rôle	de	la	cellule	de	Kupffer	au	cours	de	la	NAFLD	puis	j’ai	
ensuite	 étudié	 le	 rôle	 d’un	 cofacteur	 dans	 la	 maladie	 alcoolique	 du	 foie,	 le	 microbiote	
intestinal.	
J’ai	 étudié	 le	 rôle	de	 la	 cellule	de	Kupffer	dans	 l’installation	des	 lésions	hépatiques	
dans	un	modèle	murin	d’obésité	induite	par	un	régime	hypercalorique.	Ces	travaux	auxquels	
j’ai	participé	sont	présentés	dans	l’article	1	de	ce	manuscrit	(J.	Hepatol),	dans	lequel	je	suis	
deuxième	 auteur.	 Je	 me	 suis	 concentrée	 ensuite	 sur	 l’impact	 du	 fructose	 au	 cours	 de	 la	
NAFLD.	 En	 effet,	 les	 modifications	 alimentaires	 actuelles	 ont	 largement	 augmenté	 la	
consommation	de	 fructose.	Au	moment	où	 ce	 travail	 a	 été	 commencé,	quelques	données	
apparaissaient	sur	le	rôle	potentiellement	délétère	d’un	excès	de	fructose	pour	le	foie.	Dans	
ce	 contexte,	 j’ai	 comparé	 l’impact	 de	 régimes	 gras	 enrichis	 ou	 non	 avec	 du	 fructose.	 Ces	
travaux	sont	présentés	dans	 l’article	2,	article	dans	 lequel	 je	suis	premier	auteur.	Dans	cet	
article,	j’ai	abordé	le	rôle	du	microbiote	intestinal	dans	la	NAFLD.	
Par	 ailleurs,	 j’ai	 apporté	 mon	 aide	 sur	 un	 projet	 parallèle	 développé	 dans	 le	
laboratoire	et	qui	 consistait	 à	 étudier	 l’impact	d’une	protéine	de	 la	 tolérance	 immunitaire	









Celui-ci	 a	 constitué	 à	 prouver	 que	 tout	 comme	 chez	 l’Homme,	 il	 existe	 une	
hétérogénéité	 à	 développer	 des	 lésions	 hépatiques	 après	 alcoolisation	 dans	 un	 modèle	
murin	et	 je	me	suis	 intéressée	au	rôle	du	microbiote	 intestinal	dans	cette	disparité.	Je	suis	
co-premier	 auteur	 sur	 ce	 travail	 qui	 sera	 soumis	 très	 prochainement.	 L’ensemble	 de	 ces	

















des	 maladies	 chroniques	 du	 foie	 dans	 les	 pays	 occidentaux.	 Une	 grande	 majorité	 des	
patients	 obèses	 développent	 une	 stéatose	 mais	 seulement	 20	 %	 de	 ces	 patients	 obèses	
évoluent	 vers	 une	 stéatohépatite	 (NASH).	 L’étude	 des	 mécanismes	 permettant	 de	
progresser	 vers	 la	 NASH	 est	 donc	 très	 importante	 afin	 de	 développer	 des	 stratégies	
permettant	de	les	contrôler.	L’inflammation	lors	de	la	NASH	est	associée	à	des	dérégulations	
immunitaires	 hépatiques.	 Le	 recrutement	 de	 cellules	 inflammatoires	 dans	 le	 foie	 et	 leur	
activation	sont	des	étapes	de	la	progression	de	la	stéatose	vers	la	NASH.	Lorsque	ce	travail	a	
été	 initié,	 le	 rôle	 des	 macrophages	 tissulaires	 dans	 les	 états	 inflammatoires	 n’était	 pas	
totalement	établi.	Notre	but	était	de	prouver	que	lors	de	la	stéatose,	la	cellule	de	Kupffer	est	
altérée	et	participe	à	l’inflammation	hépatique	et	à	l’évolution	de	la	stéatose	vers	la	NASH.	
J’ai	 ainsi	 étudié	 le	 rôle	 du	 macrophage	 hépatique	 dans	 les	 étapes	 précoces	 du	
déclenchement	de	la	stéatohépatite.	Ces	expériences	ont	été	réalisées	en	déclenchant	une	
stéatose	 chez	 des	 souris	 soumises	 à	 un	 régime	 hyperlipidique.	 Les	 KC	 isolées	 de	 foies	
stéatosiques	 présentaient	 un	 volume	 plus	 important	 que	 celles	 issues	 de	 foies	 sains.	
L’observation	 de	 la	 morphologie	 des	 KC	 isolées	 de	 foies	 stéatosiques	 montrait	 une	
augmentation	 des	 gouttelettes	 lipidiques	 dans	 leur	 cytoplasme	 comparée	 à	 leurs	
homologues	 isolées	de	 foies	 issus	de	souris	non	obèses.	 Il	est	à	noter	que	ces	KC	que	 l’on	





augmentation	du	nombre	de	KC	dans	 le	 foie.	De	manière	 intéressante	dans	notre	modèle	
murin	 d’obésité	 et	 également	 dans	 le	 foie	 de	 souris	 ob/ob,	 nous	 n’observions	 pas	 de	
différences	de	quantités	de	KC	à	ce	stade	de	la	pathologie.	Cette	observation	nous	a	conduit	
à	 une	 deuxième	 hypothèse	 :	 si	 le	 nombre	 de	 KC	 n’est	 pas	 différent,	 la	 présence	 de	 ces	
gouttelettes	 lipidiques	dans	 la	KC	peut-elle	 impacter	 leurs	fonctions.	Ces	 lipides	pourraient	




les	 KC	 issues	 de	 foies	 stéatosiques	 sécrétaient	 plus	 de	 cytokines	 et	 de	 chimiokines	 pro-
inflammatoires	 en	 condition	basale.	De	plus,	 ces	KC	 sont	plus	 sensibles	 au	 LPS	que	 les	KC	
issues	 de	 souris	 contrôles.	 Dans	 nos	 études	 effectuées	 in	 vitro	 et	 in	 vivo,	 les	 fat-laden	 KC	
recrutent	d’avantage	les	différentes	populations	lymphocytaires	comparées	aux	KC	de	souris	




de	 lipidomique	ont	été	 réalisées	par	 spectrométrie	de	masse.	 Les	diacylglycérols,	 qui	 sont	
des	 lipides	 toxiques,	 sont	 considérablement	 augmentés	 dans	 les	 KC	 issues	 de	 foies	
stéatosiques.	Une	augmentation	significative	des	céramides	et	du	cholestérol	est	également	
observée	 dans	 les	 KC	 de	 souris	 obèses	 et	 les	 niveaux	 relatifs	 des	 espèces	 ont	 été	
entièrement	 redistribués.	 Par	 ailleurs,	 l’expression	 de	 gènes	 de	 nombreuses	 enzymes	
impliquées	dans	 la	 synthèse	des	 lipides,	 leur	 stockage	et	 leur	 transport	est	dérégulée.	Ces	
données	étaient	donc	en	 faveur	d’une	profonde	dérégulation	de	 l’homéostasie	des	 lipides	
au	sein	même	de	la	cellule	de	Kupffer.		
Afin	 de	 déterminer	 si	 cette	 dérégulation	 était	 en	 partie	 responsable	 du	 phénotype	
pro-inflammatoire	 des	 fat-laden	 KC,	 nous	 avons	 utilisé	 un	 inhibiteur	 de	 la	 lipogenèse.	 En	
inhibant	 la	 lipogenèse	 de	 novo	 chimiquement	 grâce	 au	 TOFA	 (pour	 l’anglais	
5-(tetradecyloxy)-2-furoic	 acid),	 le	 phénotype	 pro-inflammatoire	 des	 fat-laden	 KC	 étaient	
abrogés.	Par	ailleurs,	ce	mécanisme	n’était	pas	spécifique	de	la	KC	puisque	les	productions	










En	 prenant	 en	 compte	 ces	 données	 en	 cours	 d’acquisition	 et	 la	 bibliographie	




l’influence	 de	 l’apport	 du	 fructose	 (F)	 sur	 un	 régime	 enrichi	 ou	 non	 en	 graisse	HFD	 (pour	
l’anglais	 High	 Fat	 Diet)	 sur	 l’apparition	 des	 lésions	 hépatiques.	 De	 cette	 façon,	 la	
comparaison	se	faisait	entre	quatre	groupes	de	souris	nourries	avec	:	un	régime	contrôle	ND	
(pour	 l’anglais	 Normal	 Diet),	 un	 régime	 enrichi	 en	 graisses	 (HFD),	 un	 régime	 enrichi	 en	
fructose	(F)	ou	un	régime	associant	graisses	et	fructose	(HFD/F).	Au	terme	des	16	semaines	
de	 régime,	 le	 phénotype	 des	 souris	 des	 différents	 groupes	 a	 été	 évalué.	 Le	 statut	
métabolique	 a	 pris	 en	 compte	 le	 poids,	 la	 glycémie,	 la	 sensibilité	 au	 glucose.	 L’atteinte	
hépatique	a	été	estimée	par	anatomo-pathologie,	dosages	biochimiques	des	transaminases	
plasmatiques	 et	 des	 triglycérides	 hépatiques.	 L’inflammation	 a	 également	 été	 évaluée	 en	
quantifiant	en	cytométrie	en	flux	les	lymphocytes	intra-hépatiques	et	en	établissant	le	profil	
des	KC.	La	production	de	cytokines	et	chimiokines	a	été	évaluée	par	quantification	de	leurs	
ARNm	en	PCR	quantitative.	 Par	 ailleurs,	 pour	 compléter	 l’étude	nous	 avons	déterminé	 les	
différentes	 populations	 bactériennes	 du	 microbiote	 intestinal	 par	 FISH	 (pour	 l’anglais	
Fluorescence	In	Situ	Hybrydation)	couplée	à	la	cytométrie	en	flux.		
L’ajout	 de	 fructose	 dans	 l’alimentation	 des	 souris	 (groupe	ND/F)	 n’entraîne	 pas	 de	
lésions	 hépatiques	 et	 de	 sensibilité	 au	 glucose	 par	 rapport	 aux	 souris	 témoins	 (ND).	 En	
revanche,	l’ajout	de	fructose	au	régime	riche	en	graisses	(HFD/F)	entraîne	une	augmentation	
des	 lésions	 hépatiques	 en	 termes	 de	 stéatose	 et	 d’infiltrat	 lymphocytaire,	 ainsi	 qu’une	
sensibilité	au	glucose.		
Notre	hypothèse	a	donc	été	que	cette	infiltration	lymphocytaire	augmentée	était	due	
au	profil	 pro-inflammatoire	 augmentée	dans	 les	KC	des	 souris	HFD/F.	Cependant,	 le	profil	
des	 KC	 était	 nettement	 moins	 activé	 chez	 ces	 souris	 HFD/F	 comparées	 aux	 souris	 HFD.	






L’étude	 du	 MI	 montre	 que	 le	 fructose	 a	 clairement	 un	 impact	 sur	 l’ensemble	 du	
microbiote	comme	 le	montre	 les	analyses	en	composante	principale.	Cependant,	 l’étude	à	
un	niveau	plus	spécifique	a	montré	que	les	souris	recevant	un	régime	additionné	en	fructose,	
aussi	 bien	 ND/F	 que	 HFD/F,	 présentaient	 comme	 seule	 différence	 significative	 une	
augmentation	 des	 bactéries	 appartenant	 aux	 Erysipelotrichi,	 classe	 bactériennes	 du	 phyla	
des	Firmicutes.		
Ce	 travail	 a	 permis	 de	 mettre	 en	 évidence	 que	 l’ajout	 de	 fructose	 entraîne	 une	
dysbiose	intestinale.	Cette	dysbiose	est	différente	si	 l’alimentation	est	enrichie	en	graisses.	
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Background & Aims: Non-alcoholic steatohepatitis (NASH) is
characterized by steatosis associated with liver inflammation.
Steatosis causes recruitment of lymphocytes into the liver and
this is worsened by lipopolysaccharides (LPS). As macrophages
may be involved in the lymphocyte homing, we studied the role
of lipids in determining the phenotype of Kupffer cells (KCs) at
the stage of steatosis.
Methods: Steatosis was induced in mice by a high fat diet. The
turnover and the recruitment of KCs were analyzed in vivo by
flow cytometry. KCs phenotype was assessed by optical and elec-
tron microscopy, cell culture and lymphocyte recruitment by
in vitro chemotaxis. Lipidomic analysis was carried out by
mass-spectrometry and gene expression analysis by TaqMan
low density array.
Results: Although the number of KCs was not modified in stea-
totic livers compared to normal livers, their phenotypes were dif-
ferent. Electron microscopy demonstrated that the KCs from fatty
livers were enlarged and loaded with lipid droplets. Lipid synthe-
sis and trafficking were dysregulated in fat-laden KCs and toxic
lipids accumulated. Fat-laden KCs recruited more CD4+ T and B
lymphocytes in response to LPS stimulation than did control
KCs and produced high levels of pro-inflammatory cytokines/che-
mokines, which could be reversed by inhibition of lipogenesis.
Conclusions: Lipid accumulation in fat-laden KCs is due to a dys-
regulation of lipid metabolism and trafficking. Fat-laden KCs are
‘‘primed’’ to recruit lymphocytes and exhibit a pro-inflammatory
phenotype, which is reversible with inhibition of lipogenesis.
! 2012 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.
Introduction
The prevalence of non-alcoholic fatty liver disease (NAFLD) is
increasing worldwide and is linked to the expansion of obesity
and type 2 diabetes [1]. NAFLD ranges from pure steatosis to
non-alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and
hepatocellular carcinoma [2]. Obesity with or without associated
insulin resistance is largely involved in excessive fat accumula-
tion in the liver [3]. Although weight loss and correction of insu-
lin resistance are relevant therapeutic targets to improve NASH
[4], there is currently no treatment for advanced NAFLD [3]. In
this regard, understanding the mechanisms responsible for the
inflammatory processes leading to NASH remains a significant
challenge.
Recruitment of inflammatory cells into the liver and their sub-
sequent activation are key steps in the progression of liver dis-
ease. NAFLD is associated with alterated hepatic lymphocyte
subsets [5] including reduced numbers of hepatic NKT lympho-
cytes and T regulatory lymphocytes. Correcting these NKT or T
regulatory lymphocyte deficiencies by adoptive transfer in
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murine models of NASH reduces liver damage [6,7]. In addition to
the redistribution of hepatic lymphocyte subsets, we have shown
that liver inflammation in obese mice results not only from stea-
tosis but also from lymphocyte hyper-responsiveness to chemo-
tactic agents [8].
The liver contains an array of potential antigen-presenting
cells, including Kupffer cells (KCs), which could participate in
the redistribution of hepatic lymphocyte subsets during NAFLD.
KCs constitute 20–25% of the non-parenchymal cells in the liver.
KCs are the primary source of hepatic pro-inflammatory cyto-
kines, such as tumor necrosis factor-a (TNFa) [9]. In addition to
their essential role as phagocytes, KCs participate in liver T cell
tolerance [10]. Consequently, modified KC phenotypes could be
involved in an altered immune response by disrupting T cell tol-
erance in the liver. Macrophage phenotypes are based on the
presence of specific receptors and on the cytokines and chemo-
kines they produce, classifying them into two subsets defined
as M1 and M2 [11]. M1 macrophages are induced by pro-inflam-
matory mediators, such as lipopolysaccharide (LPS) or interferon-
c (IFNc), and produce pro-inflammatory cytokines and chemo-
kines. Conversely, M2 macrophages are stimulated by interleukin
(IL) 4 and IL13 and this stimulation induces low levels of pro-
inflammatory cytokines and high levels of IL10. In a recent study
that addressed the role of lipid metabolism in macrophage acti-
vation, lipogenesis was found to be a pre-requisite for macro-
phage activation [12]. We therefore aimed at studying the




C57BL/6J and ob/ob mice were purchased from Janvier (France) and maintained
under a 12-h light/dark schedule, with food and water ad libitum and treated in
accordance with the Guide for the Care and Use of Laboratory Animals (National
Research Council, 1996). Mice were fed either a normal diet (ND) or a high-fat
diet (HFD) (Safe, France) as described in Supplementary Materials.
Lipidomic analysis
Hepatic triacylglycerols (TGs) were extracted with a chloroform–methanol mix-
ture and separated by thin layer chromatography. TGs were then extracted from
the silica plate with acetone and measured with a colorimetric diagnostic kit (Tri-
glycerides FS; Diasys). For lipidomic analysis, the liver and KCs were homoge-
nized in 1 ml of methanol/water (2:1, v/v) containing 5 mM EGTA. Lipids were
extracted and molecular species were quantified by gas liquid chromatography
as previously described [13].
Isolation and culture of KCs
Livers were homogenized and non-parenchymal cells (NPC) and KCs were recov-
ered as described in Supplementary Materials. NPC were resuspended in PBS 2%
FCS prior to staining with mAbs and flow cytometry analysis. KCs (106 cells) were
plated in RPMI, 10% FCS (PAA, Austria) and 1% penicillin/streptomycin for 24 h
and then stimulated with 100 ng/ml LPS from Escherichia coli serotype O55:B5
endotoxin-free (Alexis, Switzerland) or not for 24 h. For TOFA (5-(tetradecyl-
oxy)-2-furoic acid) (Merrel National Laboratories, USA) exposure, KCs were trea-
ted with 200 lM TOFA for 24 h. KC culture supernatants were stored frozen or
used in an in vitro chemotaxis assay. Cell viability was evaluated by trypan blue
and was higher than 90%. There was no contamination by hepatocytes. The purity
was assessed by F4/80, CD31, and CD11c labeling and ranged from 85% to 89%
with some contamination by endothelial cells (4.8%) or dendritic cells (2.4%) (data
not shown).
Liver monocyte recruitment
Aggregates of PKH26-PCL (0.1 mM; Sigma, MO) or saline were intravenously
injected into mice fed with HFD or ND at the age of 4 weeks. Mice fed the HFD
and ND diets were sacrificed 4, 8, 12, and 16 weeks after the PKH26-PCL or saline
injection. Macrophages were stained with a rat anti-F4/80 mAb (AbD Serotec, UK)
and analyzed using a FACSCalibur cytometer (Becton Dickinson, USA).
Lymphocyte recruitment assay
Lymphocyte chemotaxis was evaluated using a Transwell" system (5 lm pores,
Corning Costar, MA). Splenocytes from lean mice were purified by centrifugation
through a Lympholyte" density gradient (Cedarlane, Canada) at 800 g for 20 min.
Lymphocytes were stained with anti-CD3, anti-CD4, anti-CD8, and anti-CD19
mAbs. KC supernatants were placed in the lower chamber and 1.5 ! 106 lympho-
cytes in 150 ll were placed into the upper chamber (same culture medium in
both chambers). Uncultured medium in the lower chamber with 1.5 ! 106 cells
in the upper chamber were used as input control. After 4 h of incubation, cells
in the lower chamber were analyzed by flow cytometry. To quantify the lympho-
cytes subsets infiltrating the liver, anti-CD45 or antibodies described above were
used. NPC were stained and we counted the number of labeled lymphocytes per g
of liver.
RNA and TaqMan low-density array analysis (TLDA)
RNAs were extracted using the RNeasy Lipid Tissue kit (Qiagen, CA) including a
DNase treatment. TLDA was performed following the manufacturer’s instructions
and described in Supplementary Materials.
Statistical analysis
All analyses were performed using the StatView (version 5.0 statistical software
system (Abacus Concepts, CA).
Results
HFD-induced steatosis does not modify recruitment of KCs
To determine whether KCs were involved in the early steps of
NASH, C57BL/6 J mice were fed the HFD for 16 weeks. This diet
induced a mean weight gain of 26% (±4%) and obesity-related
metabolic disorders (Table 1). Insulinemia, blood glucose levels,
oral glucose tolerance test (OGTT) results and calculated homeo-
stasis model assessment of insulin-resistance (HOMA) clearly
demonstrated that the HFD mice were insulin-resistant. The
plasma levels of TGs, leptin, resistin, and CCL2 were significantly
higher in HFD mice compared to those of ND mice. The HFD
mouse liver exhibited clear signs of steatosis and had TG levels
that were fourfold higher than the liver TG levels of ND mice
(Fig. 1A and B). Alanine aminotransferase (ALT) levels were not
significantly modified by the HFD diet (Table 1). There was no
liver inflammation in HFD mice, as shown by the absence of
inflammatory infiltrates at histological examination and by the
numbers of liver CD45 lymphocytes on flow cytometry analysis,
which were not higher than those of ND mice (Fig. 1 A and C).
Therefore, HFD mice were at an early step of NAFLD, with a fatty
liver but no significant inflammation.
To study the number of KCs and their recruitment to the liver
during steatosis development, we injected mice intravenously
with aggregates of PKH26 [14]. After 24 h, more than 95% of
KCs were PKH26+ and all monocytes were PKH26" (data not
shown). Mice were then maintained on HFD or ND for 4, 8, 12,
or 16 weeks. Recruitment of new liver macrophages was assessed
by the number of PKH26"/F4/80+ cells found in the liver. The
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percentage of recruited KCs was similar for ND and HFD mice
suggesting that accumulation of fat in the liver does not modify
monocyte recruitment (Fig. 1D). This was confirmed by quantify-
ing total liver KCs by flow cytometry or immunohistochemistry,
for which there were no significant differences between HFD
and ND mice (Fig. 1E and Supplementary Fig. 1).
HFD-induced steatosis led to lipid accumulation in KCs
As the number of Kupffer cells in a steatotic liver was unchanged
compared to a normal liver, we assessed their phenotype. The
morphology of KCs from HFD mice was different from that of
KCs from ND mice. Indeed, observation by optic microscopy
and Red Oil labeling showed that neutral lipids had accumulated
in the cytoplasm of KCs and these cells were larger than those of
NDmice (Fig. 2A). These observations were confirmed by electron
microscopy which demonstrated the accumulation of numerous
and enlarged lipid droplets in the cytoplasm of KCs from HFD
(Fig. 2B). This lipid droplets accumulation is also observed in adi-
pose tissue macrophages (ATMs) and in KCs from another model
of NASH, ob/ob mice (Supplementary Figs. 2A and 3A).
Dysregulation of genes expression involved in lipid metabolism in
fat-laden KCs
To study the mechanisms involved in lipid accumulation of KCs,
we determined by TLDA the gene expression levels of enzymes
involved in lipid metabolism and transport (Table 2). The de novo
fatty acid (FA) synthesis pathways were altered in the KCs of HFD
mice. Fatty acid synthase (Fas) gene expression was significantly
higher, although acetyl-CoA carboxylase 1 (Acc1) gene expression
was unaltered. This increase could be relayed by elevated expres-
sion levels of the carbohydrate-responsive element binding pro-
tein 1 (Chrebp1) and peroxisome proliferator-activated receptor
c (Pparc) genes, which were also upregulated. The FA transport-
ers gene expression such as FA binding proteins 2 gene (Fabp2)
and fatty acid transport protein 5 (Fatp5) was also increased.
The TG synthesis pathway was also activated as shown by a
3.98-fold increase in diacylglycerol acyltransferase 2 (Dgat2) gene
expression. The stearoyl-CoA desaturase 1 (Scd1) gene was upreg-
ulated, suggesting that the storage of unsaturated lipids was
increased. Upregulation of the Ppara gene and one of its targets
carnitine parmitoyltransferase 1A (Cpt1A) suggested an increase
in b-oxidation.
We found that the cholesterol metabolism was dysregulated
as the b-hydroxy-b-methylglutaryl coenzyme A (Hmg-CoA) gene
expression was downregulated. The expression level of the
acyl-CoA cholesterol acyltransferase 1 (Acat1) gene, which
encodes one of the enzymes required for the cholesterol esters
(CE) synthesis, was not significantly modified. The expression of
the ATP-binding cassette transporter A6 (Abac6) gene, which
belongs to a family of transporters involved in the cholesterol
efflux [15], was higher in KCs from HFD mice. Among the scaven-
ger receptors involved in the uptake of modified LDLs (oxidized
or acetylated), several were significantly upregulated, such as
macrophage receptor with collagenous structure (Marco) and
Cd163. As some toll like receptors (TLRs) could bind fatty acids
and/or are known to be involved in NASH such as TLR4, TLR2,
and TLR9 [16], we analyzed their expression. TLR2 and TLR4 were
not modified but we found a large increase of TLR6 and TLR9
expression which were, at least for TLR9, previously involved in
NASH development [17]. Expression of the microsomal TG
Table 1. Characteristics of ND and HFD mice.
ND HFD
Mice weight (g) 29.36 ± 0.30 39.73 ± 1.4***
Liver weight (g) 1.52 ± 0.038 1.48 ± 0.049
ALT (IU/L) 173.31 ± 43.03 155.67 ± 39.73
Epididymal adipose 
tissue weight (g)
0.41 ± 0.03 2.19 ± 0.21**
Plasma TG 0.51 ± 0.014 0.86 ± 0.079*
Blood glucose (mg/dl) 119 ± 11.61 172.55 ± 5.45*
Insulin (pg/ml) 162.06 ± 17.31 654.23 ± 80.41***
HOMA 1.23 ± 0.20 7.14 ± 0.96***
OGTT (arbitrary unit) 30,162 ± 312 37,055 ± 1182*
Leptin (pg/ml) 273.72 ± 64.52 7085.52 ± 828.11***
Resistin (pg/ml) 833.05 ± 57.35 1391.21 ± 95.94***
IL6 (pg/ml) 20.9 ± 8.89 22.99 ± 5.66
CCL2 (pg/ml) 24.72 ± 7.31 55.91 ± 5.98*
Mice were fed either ND or HFD for 16 weeks. Data represent the mean ± SEM of
groups of at least eight mice. ⁄p <0.05, ⁄⁄p <0.001, and ⁄⁄⁄p <0.0001.
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Fig. 1. No modification of KCs recruitment in the liver of HFD mice at the step
of pure steatosis. (A) Histological examination of liver tissue from mice
maintained for 16 weeks on the ND or the HFD: macro-vesicular and micro-
vesicular steatosis. (B) Hepatic triglyceride content and (C) quantification by flow
cytometry of CD45+ lymphocytes from ND and HFD mice after 16 weeks on their
respective diets. Data represent the mean ± SEM of 14 animals. (D) Mice were
injected iv with PKH26 aggregates before starting the diet. PKH26+ and PKH26"
KCs in the livers of mice were quantified by flow cytometry after 4, 8, 12, and
16 weeks of ND or HFD. The percentage represents the recruited KCs (PKH26–) vs.
the non-recruited KCs (PKH26+). Data represent the mean ± SEM of four animals.
(E) Quantification of KCs by flow cytometry after 16 weeks of ND or HFD. Data
represent the mean ± SEM of 14 animals. (Mann–Whitney, ⁄⁄⁄p <0.0001).
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transfer protein (Mtp) gene, which encodes a key molecule for
VLDL assembly and export, was markedly increased. The higher
expression levels of liver X receptor a (Lxra) gene, and the Ppara
gene, which are involved in the upregulation of cholesterol efflux
from macrophages, suggested that cholesterol trafficking was
stimulated [18]. These differences of expression were also
observed except for two membrane receptor, Msr1 and TLR9, in
another advanced model of NASH, ob/obmice. As gene expression
of several enzymes involved in lipid synthesis and trafficking was
dysregulated, we assessed the lipid species that accumulated in
the total liver and specifically in KCs.
Toxic lipids are concentrated in fat-laden KCs
Lipidomic analysis showed that TG accumulation was signifi-
cantly higher in total liver from HFD mice compared to that of
ND mice (Table 3). In contrast, the total amounts of TGs in ND
and HFD KCs were not significantly different. However, the levels
of some TG species were significantly higher in KCs from HFD
mice (Table 3).
The levels of free cholesterol (FC) and CE were higher in both
the total liver and KCs from HFD mice compared to ND mice
(Table 3). The same species of CE were higher in the total liver
and in KCs.
Diacylglycerols (DAGs) are toxic lipids since they activate pro-
inflammatory and nutrient-sensing pathways [19,20]. The
amount of DAGs was much higher in HFD KCs than in ND KCs
(Table 3). In contrast, DAG content was significantly lower in total
liver extracts from HFD mice compared to that of ND mice.
Sphingolipids, including ceramides, are involved in many bio-
logical processes including inflammation [21]. Total sphingomye-
lin levels were similar in livers and KCs from ND and HFD mice
(data not shown). Conversely, the total ceramide level was signif-
icantly higher for the KCs of HFD mice than for the KCs of ND
mice (Table 3). The species of ceramides were also substantially
redistributed. In contrast, the ceramide levels in total livers
extracts of HFD and ND mice were not significantly different.
Overall, these results demonstrate that lipid homeostasis in the
KC from HFD mice was profoundly dysregulated with higher
amounts of toxic lipids in fat-laden KCs.
Lipogenesis induces a pro-inflammatory phenotype of fat-laden KCs
In response to LPS challenge, KCs from HFD mice secreted more
pro-inflammatory cytokines and chemokines than KCs from ND
mice (Fig. 3A). In particular, KCs from HFD mice secreted more
IFNc, TNFa, IL10, CCL2, and CCL5 under basal conditions and after
LPS challenge than did the KCs from ND mice (Fig. 3B). Secretion
of IL6, IL1b, and CXCL10 was higher in KCs from HFD mice than in
KCs from ND mice only after LPS challenge.
We then inhibited the acetyl-CoA carboxylase (ACC), first step
of lipogenesis, by TOFA in short term experiments. The inhibition
of lipogenesis decreased the production of these pro-inflamma-
tory cytokines/chemokines (Fig. 3C and D). Moreover, we
observed a similar inhibition of the pro-inflammatory phenotype
under lipogenesis inhibiton in KCs from another model of NASH,
ob/ob mice and also in ATMs (Supplementary Figs. 2 and 3). This
result demonstrates that lipid accumulation in KCs and ATM cor-
related with the pro-inflammatory phenotype of KCs and is
reversible with inhibition of lipogenesis.
Pro-inflammatory fat-laden KCs induced a higher recruitment of
lymphocytes
HFD mice challenged by LPS showed a higher recruitment of
CD45+ lymphocytes into the liver compared to ND mice
(Fig. 4A). To further analyze the involvement of KCs from
HFD mice in recruiting lymphocytes to the liver, we tested
the ability of KCs to recruit lymphocytes in vitro using a chemo-
taxis assay. KCs from HFD-fed mice or their lean controls were
incubated with or without LPS for 24 h and the resulting cul-
ture supernatants were loaded into the lower chamber of a
transwell system. Freshly isolated splenocytes from C57BL/6J
mice, labeled with antibodies to lymphocyte markers, were
loaded in the upper chamber. Uncultured medium in the lower
chamber with 1.5 ! 106 cells in the upper chamber were used
as input control. Lymphocyte migration into the lower chamber
was quantified by flow cytometry. The culture supernatant
from KC of HFD-fed mice recruited significantly more CD4+ T
and B cells than the control supernatant (Fig. 4C). In vivo, LPS
challenge showed that the recruitment of lymphocytes subsets
into the liver was also increased (Fig. 4B). Overall, these results
demonstrate that KCs from HFD mice are ‘‘primed’’ to recruit
lymphocytes.
Discussion
We have previously shown that liver inflammation in obese mice















Fig. 2. Morphological analysis of KCs. (A) KCs, from mice sacrificed after
16 weeks of diet, stained with Red Oil and examined by light microscopy. (B)
Electron microscopy of KCs from ND and HFD mice.
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chemotactic agents, but also from steatosis [8]. KCs are the pri-
mary source of pro-inflammatory cytokines and chemokines in
the liver. Consequently, modified KC phenotypes could be
involved in an altered immune response by disrupting T cell tol-
erance. In this study, we investigated the involvement of lipids in
determining KC phenotypes at the step of steatosis.
Table 2. Quantification of gene expression in KCs from ND, HFD and ob/ob mice.









Srebp1c 2.00 ± 0.09 2.00 ± 0.08 0.99 n.s. 2.00 ± 0.00 0.91 n.s.
Chrebp 0.13 ± 0.09 0.58 ± 0.14 1.71 * 0.40 ± 0.25 1.98 n.s.
Pparα <0.01 ± 0.00 0.61 ± 0.12 3.10 *** 1.00 ± 0.32 5.09 *
Pparγ 1.25 ± 0.11 2.11 ± 0.24 1.67 * 2.60 ± 0.40 2.18 *
Lxrα 4.13 ± 0.33 15.60 ± 1.29 3.82 *** 15.60 ± 2.29 3.80 **
Fas 2.07 ± 0.15 2.63 ± 0.30 1.37 * 4.40 ± 1.03 2.24 *
Acc1 1.81 ± 0.10 1.74 ± 0.10 0.93 n.s. 2.00 ± 0.00 1.04 n.s.
Scd1 24.88 ± 3.93 87.79 ± 15.78 3.54 ** 252.00 ± 68.30 10.17 **
Dgat1 2.31 ± 0.12 2.05 ± 0.05 0.89 * 2.20 ± 0.20 0.99 n.s.
Dgat2 1.31 ± 0.20 5.00 ± 0.87 3.98 ** 6.00 ± 1.34 4.85 *
Cpt1a 6.69 ± 0.50 8.16 ± 0.36 1.24 * 8.60 ± 0.81 1.28 0.09
Hmg-CoA 4.80 ± 0.24 3.59 ± 0.17 0.78 *** 3.75 ± 0.48 0.79 0.08
Acat1 11.40 ± 1.34 9.42 ± 0.58 0.83 n.s. 10.80 ± 1.32 0.93 n.s.
Lipid transporter 
Fabp2 0.75 ± 0.31 2.37 ± 0.47 2.94 * 4.40 ± 1.17 5.53 *
Fabp4 193.44 ± 26.25 142.37 ± 17.52 0.74 n.s. 355.00 ± 50.70 1.83 *
Fatp5 1.13 ± 0.27 6.37 ± 1.36 5.43 * 7.80 ± 2.18 6.58 *
Mtp 0.44 ± 0.20 4.95 ± 1.03 7.81 ** 7.40 ± 2.06 11.69 *
Abca6 0.31 ± 0.12 1.83 ± 0.34 4.38 ** 2.60 ± 0.75 6.55 *
Scavenger receptor 
Cd36 14.75 ± 0.99 14.47 ± 0.49 0.99 n.s. 15.00 ± 1.08 1.05 n.s.
Cd163 3.69 ± 0.62 12.32 ± 1.13 3.44 *** 14.40 ± 1.33 3.97 **
Marco 5.44 ± 1.03 36.68 ± 6.65 6.73 ** 31.60 ± 8.15 5.78 **
Msr1 (Sr-ai) 62.75 ± 3.99 52.63 ± 3.23 0.84 n.s. 102.00 ± 6.89 1.62 *
Msr2 0.19 ± 0.10 <0.01 ± 0.00 0.58 *** 0.00 ± 0.00 0.35 **
Sr-psox 44.47 ± 3.01 28.74 ± 1.09 0.65 *** 35.00 ± 3.29 0.80 0.10
Cytokine
Tgfß1 40.90 ± 2.42 33.20 ± 1.43 0.82 * 33.00 ± 3.74 0.81 0.08
Il6 0.50 ± 0.13 0.83 ± 0.25 1.63 n.s. 1.00 ± 0.32 1.60 n.s.
Tnfα 5.00 ± 0.51 5.89 ± 0.64 1.18 n.s. 7.00 ± 0.84 1.45 0.07
Il1b 10.90 ± 1.33 18.90 ± 2.25 1.72 * 23.40 ± 4.06 2.15 *
Il10 0.63 ± 0.13 2.32 ± 0.50 4.19 * 2.80 ± 0.80 5.15 ***
TLR
Tlr2 3.81 ± 0.23 3.58 ± 0.18 0.96 n.s. 3.40 ± 0.51 0.91 *
Tlr4 15.20 ± 0.89 15.60 ± 0.71 1.01 n.s. 15.00 ± 1.79 0.97 n.s.
Tlr5 <0.01 ± 0.00 <0.01 ± 0.00 1.29 n.s. <0.01 ± 0.00 1.51 n.s.
Tlr6 0.06 ± 0.06 0.58 ± 0.12 9.25 *** 0.60 ± 0.25 9.61 0.07
Tlr9 1.19 ± 0.10 1.89 ± 0.19 1.57 ** 0.80 ± 0.20 0.67 *
mRNAs from KCs of ND, HFD and ob/ob mice were isolated and subjected to TLDA as described in Materials and methods. Results are expressed relative to the expression
levels in ND mice and represent the mean ± SEM and were multiplied by an arbitrary factor: 104; n = 16 for ND mice, n = 19 for HFD mice and n = 4 for ob/obmice; ⁄p <0.05,
⁄⁄p <0.001, and ⁄⁄⁄p <0.0001. Statistical analysis was performed using the Student’s t test between ND and HFD mice and the Mann–Withney test between ND and ob/ob
mice.
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KCs from HFD mice with pure steatosis were enlarged and
showed typical lipids droplets in their cytoplasm. It has been
reported that KCs stored lipids in rabbit models of hypercholes-
terolemia and NASH [22,23]. The HFD enriched with 37% of fat,
used in our study, induces fat-laden KCs after 16 weeks of diet
conversely to a HFD with 21% of fat during 21 days [24]. While
several publications have suggested that there are higher num-
bers of KCs in the fatty liver, this has not been clearly established.
However, semi-quantitative analysis of KCs by immunohisto-
chemistry in a choline-deficient diet inducing hepatosteatosis
showed that the amount of KCs in the liver did not change [25].
Our experiments showed that the number of KCs and their
recruitment were unchanged by lipid accumulation in the liver.
Macrophages are a heterogeneous population of cells, which
have diverse functions and phenotypes based on their location
and activation state. The inflammatory environment determines
the macrophage phenotype generating different subsets. The
M1 subset produces pro-inflammatory cytokines and chemokines
and the M2 subset produces low levels of pro-inflammatory cyto-
kines and high levels of IL10 [11,26]. The M1/M2 classification
was often determined by gene expression analysis. As we could
measure the production of cytokines and chemokines, we directly
assessed the inflammatory status of KCs. We have shown that fat-
laden KCs produced higher level of pro-inflammatory cytokines
and chemokines in basal conditions, and were more sensitive to
LPS. Recently, it has been shown that adipose tissue macrophages
had a similar phenotype during the obesity development [18].
However, we also detected high levels of IL10 in fat-laden KCs
in addition to a typical M1 phenotype. Such an apparent contra-
diction may be due to KC heterogeneity; indeed, some regulatory
macrophage subsets expressed high levels of IL10 without the
other typical M2-associated cytokines/chemokines [27]. In vivo,
LPS challenge induced a significant increase in the recruitment
of CD4+ and CD8+ lymphocytes and a tendency to recruit more
CD19+ lymphocytes. Pro-inflammatory fat-laden KCs recruited
more CD4+ T and B lymphocytes under an LPS challenge, showing
that KCs efficiently participated in lymphocyte recruitment into
the liver.
Table 3. Fat-laden KCs produced higher levels of toxic lipids.
Lipid molecular species Liver KCs
ND HFD Fc ND HFD Fc
Cholesterol 36.18 ± 3.83 40.69 ± 1.00* 1.12 4.58 ± 1.45 13.63 ± 4.04* 2.98
Cholesterol ester C16 2.09 ± 0.26 6.23 ± 1.25* 2.98 0.10 ± 0.02 2.61 ± 1.55* 26.10
C18 3.19 ± 0.40 7.88 ± 1.23* 2.47 0.17 ± 0.04 3.02 ± 1.59* 17.76
C20:4 u.n. u.n. u.n. 0.17 ± 0.09*
total 5.28 ± 0.64 14.11 ± 2.44* 2.67 0.27 ± 0.06 5.80 ± 3.22* 21.48
Diacylglycerol C33 (14/16) 0.15 ± 0.07 0.38 ± 0.10 2.53 u.n. 0.14 ± 0.06
C35 (16/16) 2.44 ± 0.27 2.45 ± 0.20 1.00 0.15 ± 0.03 1.02 ± 0.51* 6.80
C37 (16/18) 11.69 ± 1.11 9.80 ± 0.77* 0.84 0.67 ± 0.13 3.89 ± 1.98* 5.81
C39 (18/18) 16.08 ± 1.26 11.43 ± 0.76 0.71 1.36 ± 0.23 5.13 ± 2.22 3.77
C41 (18/20) 1.89 ± 0.30 1.05 ± 0.24* 0.56 0.06 ± 0.02 0.66 ± 0.37 11.00
total 32.25 ± 2.67 25.13 ± 1.24* 0.78 2.24 ± 0.41 10.84 ± 5.12* 4.84
Triacylglycerol C49 (14/16/16) 2.66 ± 0.78 10.50 ± 2.94* 3.95 1.46 ± 0.25 8.98 ± 4.07* 6.15
C51 (16/16/16) 5.66 ± 0.93 42.92 ± 13.88* 7.58 1.50 ± 0.37 44.37 ± 23.89* 29.58
C53 (16/16/18) 43.70 ± 7.25 168.40 ± 56.44* 3.85 8.25 ± 2.04 135.75 ± 56.57* 16.45
C55 (16/18/18) 105.97 ± 16.78 292.61 ± 83.54 2.76 18.79 ± 4.83 219.81 ± 82.80* 11.70
C57 (18/18/18) 36.52 ± 6.11 61.88 ± 19.82 1.69 7.00 ± 2.51 67.33 ± 33.03 9.62
total 194.52 ± 31.00 576.30 ± 175.31* 2.96 36.99 ± 9.84 476.44 ± 197.97 12.88
Ceramide C16:0-D18:1 0.66 ± 0.10 0.91 ± 0.30 1.38 0.12 ± 0.03 0.54 ± 0.19* 4.50
C18:0-D18:1 u.n. u.n. 0.04 ± 0.04 u.n.
C18:0-D18:2 u.n. u.n. 0.01 ± 0.01 0.02 ± 0.02 2.00
C20:0-D18:2 0.30 ± 0.09 0.48 ± 0.14 1.60 0.01 ± 0.01 0.02 ± 0.02 2.00
C22:0-D18:1 0.84 ± 0.16 1.80 ± 0.31* 2.14 0.03 ± 0.01 0.65 ± 0.42* 21.67
C24:0-D18:1 0.36 ± 0.06 0.57 ± 0.11 1.58 0.01 ± 0.01 0.22 ± 0.13* 22.00
C24:1-D18:1 0.67 ± 0.11 0.64 ± 0.16 0.96 0.04 ± 0.03 0.39 ± 0.27 9.75
total 2.83 ± 0.40 4.40 ± 0.78 1.57 0.26 ± 0.10 1.81 ± 1.01* 6.00
Livers and KCs were recovered from mice after they had received ND or HFD for 16 weeks. Cholesterol, cholesterol ester, diacylglycerol, triacylglycerol, and ceramide
contents were quantified by gas liquid chromatography. Data represent the mean (expressed as nmol of lipid/mg of tissue or as nmol of lipid/106 KCs) ± SEM of n = 12
animals for liver analysis; n = 4 for ND KCs; n = 9 for HFD KCs; ⁄p <0.05. FC represents the fold change between the respective values determined for HFD and ND mice.
Statistical analysis was performed using the Student’s t test for liver samples and the Mann–Whitney test for KCs samples. u.n., undetected.
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Induction of lipogenesis is a key step in the differentiation of
monocytes into macrophages and suppression of FA synthesis
prevents phagocytosis development and function [12]. A FAS
deficiency in macrophages decreases foam cell formation and
diet-induced atherosclerosis [28]. On the other hand, TG synthe-
sis also helps protect liver cells from lipotoxicity by buffering
the accumulation of FA [20]. RT-qPCR and lipidomic analysis
showed that lipid homeostasis was dysregulated. DAGs, which
are toxic lipids [19,20], were greatly increased in fat-laden
KCs. Inhibition of TG synthesis in the liver causes DAG accumu-
lation, which exacerbates liver damage. Conversely, specific
overexpression of DGAT in macrophages increases their capacity
for TG storage and protects them against inflammatory activa-
tion [29]. Here, the accumulation of DAG in KCs from HFD mice
did not result from a defect in TG synthesis. The upregulation of
Scd1 suggested that the level of unsaturated FAs had increased,
which could serve as a protective function against lipotoxicity
through promotion of TG accumulation [20]. The inhibition of
the lipogenesis via the inhibition of the ACC by TOFA in fat-
laden KCs was able to reverse the pro-inflammatory phenotype.
Therefore, upregulation of lipogenesis directly participates in
the pro-inflammatory phenotype of fat-laden KCs. The analysis
of ATMs suggests that the dysregulation of lipid metabolism
profoundly disturbs the phenotype of monocytes/macrophages
subsets.
Like TG and DAG, the levels of FC and CE were redistributed in
the fat-laden KCs, which indicated that cholesterol homeostasis
had become dysregulated. FC modify membrane fluidity and
can consequently alter phagocytosis, which is known to be dis-
turbed in murine models of NASH [30]. The role of cholesterol
metabolism and especially of LDL in foam cell formation and in
the development of atherosclerosis are well described [31]. Mac-
rophages are able to synthesize cholesterol and CE, and to partic-
ipate via ABC transporters in cholesterol efflux [32]. Overall, our
profile of gene expression suggests that the metabolism and traf-
ficking of cholesterol and CE were modified in fat-laden KCs and
could be deleterious, as shown by the improvement of athero-
sclerotic lesions in mice deficient for CD36 [32].
The increase of some specific ceramides in the livers of obese
ob/ob mice has been previously described [33]. However, in our
experiments, the ceramide levels in obese and control livers were
similar. Conversely, ceramide levels were significantly higher in
the fat-laden KCs of HFD mice and the relative levels of the cer-
amide species had been completely redistributed. Similarly to
FC, ceramides are involved in membrane fluidity and phagocyto-
sis. Moreover, some ceramide metabolites can activate NKT cells
[34]. Liver NKT cells are decreased in NASH and the remaining
liver NKT display pro-inflammatory activation [35]. Furthermore,
macrophages can present antigens to NKT lymphocytes [36]. We
hypothesize that the NKT pattern in NASH could be directly due
to ceramide dysregulation in fat-laden KC.
In conclusion, we demonstrate that steatosis does not lead to
increased recruitment of KCs into the liver, but induced an
increase of their lipid content, especially toxic lipids. This lipid
accumulation is associated with a disturbance of lipid metabo-
lism encompassing lipid synthesis, oxidation, uptake, and secre-
tion in KCs. Fat-laden KCs display a pro-inflammatory
phenotype, which is reversible with inhibition of lipogenesis.
The pro-inflammatory phenotype of fat-laden KCs induced an
in vitro recruitment of lymphocytes under LPS challenge possibly
contributing to the early homing of immune cells into the fatty
liver. These observations are consistent with the fact that main-
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Fig. 3. KCs from HFD mice produced pro-inflammatory cytokines and chemokines dampered by inhibition of lipogenesis. KCs were cultured from ND or HFD mice. (A
and B) Cytokines and chemokines levels produced by KCs challenged or not with LPS (100 ng/ml). Data represent the mean ± SEM of 14 animals. (C) Cytokines and
chemokines levels in the supernatant of KCs challenged or not with TOFA (200 lM). Data represent the mean ± SEM of four mice. Statistical analysis was performed using
the Mann–Whitney and Kruskal–Wallis tests; ⁄p <0.05, ⁄⁄p <0.001 and ⁄⁄⁄p <0.0001.
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Fig. 4. Elevated lymphocyte recruitment by fat-laden KCs. Quantification by
flow cytometry of (A) CD45+ lymphocytes, (B) CD4+ T, CD8+ T, and CD19+ B
lymphocytes from ND and HFD mice challenged or not with LPS (5 mg/kg of body
weight). Data represent the mean ± SEM of at least six mice except for ND mice
challenged with LPS (n = 2). (C) KCs from ND or HFD mice were cultured either
with or without LPS (100 ng/ml). Splenocytes isolated from a lean mouse were
labeled with antibodies and incubated in the upper transwell chamber. CD4+ T,
CD8+ T, and CD19+ B cells were quantified by flow cytometry after 4 h of
incubation. Uncultured medium in the lower chamber with 1.5 ! 106 cells in the
upper chamber were used as input control. The values represent the ratios of the
lymphocytes that migrated in response to LPS-challenged KCs supernatants to the
lymphocytes migrated in response to unstimulated KCs supernatants. Data
represent the mean ± SEM of 14 animals (Mann–Whitney test ⁄p <0.05 and
⁄⁄p <0.001).
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Supplementary Fig.1. Quantification of KCs and hepatocytes by immunohistochemistry 
(A) Immunostaining of F4/80 positive cells in the livers from ND (top) and HFD (bottom) mice. 
Peroxydation revelation shows KCs as brown cells. (B) KCs and hepatocytes were quantified by 
counting cells and data represent means of three fields/slide, 6 slides for ND mice and 7 slides for 
HFD mice.  
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Supplementary Fig.2. Analysis of KCs from ob/ob mice 
KCs from ND and ob/ob mice sacrificed at 11 weeks old, (A) stained with Oil Red and examined by 
light microscopy (400X). Left, ND mouse. Right, ob/ob mouse. (B and C) Cytokines and chemokines 
levels produced by KCs challenged or not with LPS (100 ng/ml). (D and E) Cytokines and chemokines 
levels produced by KCs challenged or not with TOFA (200 µM). Data represent the mean±SEM of 4 
mice. Statistical analysis were performed using the Mann-Whitney; *p<0.05. 
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Supplementary Fig.3. Analysis of ATMs 
ATMs, from ND or ob/ob mice sacrificed at 11 weeks old, (A) stained with Red Oil and examined by 
light microscopy (400X). Left, ND mouse. Right, ob/ob mouse. (B and C) Cytokines and chemokines 
levels produced by ATMs challenged or not with LPS (100 ng/ml) or with TOFA (200 µM). Data 
represent the mean±SEM of 3 ND mice and 4 ob/ob mice. Statistical analysis were performed using 











 Mice were fed either a normal diet 
(ND) or a high-fat diet (HFD) in which the 
energy content of fat was either 12% or 
60% respectively (37% milk butter) 
containing saturated fatty acid (66%), 
mono-insaturated fatty acid (26.4%) and 
poly-insaturated fatty acid  (7.7%) (Safe, 
France). Mice were fed the diets for 4, 8, 
12 or 16 weeks. For in vivo LPS treatment, 
mice were ip injected with 5 mg/kg body 
weight of LPS from E. coli serotype 
O55:B5 endotoxin free (Alexis, 
Switzerland) or with a 0.09% saline 
solution 16hr before sacrifice.  
 
Insulin-resistance  
Insulin-resistance was assessed by 
the oral glucose tolerance test (OGTT) 
and by calculating the homeostasis model 
assessment of insulin-resistance (HOMA): 
insulin (mU/ml) x fasting glucose 
(mmol/L)/22.4. For OGTT, the glucose 
load (2 g/kg) was given by gavage after 
6hr of fasting and blood samples were 
taken from the tail vein at 0, 15, 30, 60, 90 
and 120min after the gavage. Serum 
glucose concentrations were determined 
by the Accu-Chek® Performa (Roche, 
Switzerland) and the area under the 
glucose–time curve was calculated.  
 
Tissue samples, plasma and supernatants 
analysis 
 The serum was use for liver 
alanine aminotransferase (ALT) and 
triglyceride (TG) determinations (Olympus, 
AU400). Serum insulin, leptin, resistin, 
CCL2, IL6 and TNFα concentrations were 
determined by Milliplex kit (Millipore, MO). 
Liver samples were recovered for TG and 
RNA quantification or fixed in 4% 
formaldehyde, cut and stained with 
hematoxylin/eosin for histological 
examination. Cytokine and chemokine 
concentrations in cell supernatants were 
measured by Milliplex cytokine assay or by 
using ELISA (IL6 and CCL2) (R&D 
Systems, MN). Insulin-resistance was 
assessed as described in supplementay 
materials.  
 
Isolation of NPC and KCs 
 Mice were anesthetized and the 
livers were perfused inversely to the 
normal flux with PBS/EDTA (5 mM). After 
removing blood, livers were excised and 
homogenized with 0.05% collagenase IV 
(Sigma–Aldrich, MO) buffered with 0.1 M 
HEPES for 20 min at 37°C. Hepatocytes 
were removed by a short centrifugation at 
50g. The non-parenchymateous cells 
(NPC) were filtered through a 70 µm filter 
and resuspended in PBS 2% FCS prior to 
staining with mAbs and flow cytometry 
analysis. 
 For KCs isolation, NPC were 
resuspended with Optiprep 22% (Axis-
Shield, Scotland), layered with HBSS/5mM 
EDTA and centrifuged at 900g at room 
temperature for 20min.  
 
Isolation and culture of ATMs  
  Epididymal adipose tissues were 
homogenized with collagenase IV as 
described for the liver. The homogenized 
solution was filtered through a 70 µm filter 
and adipocytes were removed by a 
centrifugation 600g. The stroma vascular 
fraction was resuspended with Optiprep 
22% as described for KC isolation. Cell 
viability was evaluated by trypan blue and 
was higher than 90%. The purity was 
assessed by F4/80 labelling and flow 
cytometry and was around 92%. ATMs 
(106 cells) were plated in RPMI, 10% FCS 
and 1% penicillin/streptomycin for 24hr 
and then stimulated with 100 ng/mL LPS 
from E. coli serotype O55:B5 endotoxin 
free or not for 24 hr. For TOFA exposure, 
ATMs were treated with 200 µM TOFA for 
24hr. ATMs culture supernatants were 
stored frozen.  
 
Red Oil staining and electon microscopy 
 After 24hr of plating, KCs were 
fixed with 10% paraformaldehyde and 
stained in Red Oil solution (Sigma-Aldrich, 
MO). Nuclei were stained with hematoxylin 
(Merck, Germany). For transmission 
electron microscopy, KCs were fixed for 
1hr with 3% glutaraldehyde, washed and 
post-fixed in 1% osmium tetroxide. 
Samples were dehydrated and embedded 
in epoxy resin. Sections (80 nm) were cut 
with an ultramicrotome (Reichert Ultracut 
S, Reichert Technologies, NY) and 
observed with a transmission electron 
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microscope (JEOL 1011, Japan) equipped 
with a GATAN digital camera (Germany). 
 
Immunostaining 
Immunohistochemical staining for 
F4/80 was performed on 4 µm sections of 
paraffin-embedded livers from ND and 
HFD mice. The paraffin was removed and 
the sections were rehydrated. Antigens 
were unmasked and endogeneous biotin 
was blocked with Biotin Blocking System 
(Dako, France). Sections were then 
incubated with a mAb against F4/80 
(Serotec, Germany) at a concentration of 
0.5 µg/ml, washed and incubated with a 
biotinylated secondary antibody (Becton 
biosciences, France) and then with a 
streptavidin-horseradish peroxidase 
complex (LSAB kit, Dako). Sections were 
then counterstained with hematoxylin. 
Images were obtained on a Leica DMLB 
microscope equipped with standard optic 
objectives, at the indicated magnification, 
and were digitalized directly with a Sony 
3CCD color video camera. 
 
TaqMan low-density array analysis (TLDA) 
 The concentration of each RNA 
sample was determined by A260 
measurement and their integrities were 
determined using an Agilent 2100 
Bioanalyzer (Agilent Technologies). We 
produced cDNAs from RNA (1 µg) using 
the High Capacity RNA-to-cDNA Master 
Mix and then mixed it with the TaqMan 
Universal PCR Master Mix. TLDA were 
performed in an ABI Prism 7900 HT Real-
Time PCR System (Applied Biosystems) 
using expression of the housekeeping 
gene GAPDH and 18S rRNA to correct for 
total mRNA. The relative signal-per-cell 
was quantified by setting a threshold 
within the logarithmic phase of the PCR 
and determining the cycle number at 
which the fluorescence signal reached the 
threshold (Ct). The Ct for each target gene 
was subtracted from the Ct for the control 
genes. The relative amount was calculated 





























The	 increase	 consumption	 of	 fructose	 in	 diet	 is	
associated	 with	 liver	 inflammation.	 As	 a	 specific	
fructan	 substrate,	 fructose	 may	 modify	 the	 gut	
microbiota	 which	 is	 involved	 in	 obesity-induced	
liver	 disease.	 Here,	 we	 aimed	 to	 assess	 whether	
fructose-induced	liver	damage	was	associated	with	
a	specific	dybiosis,	especially	in	mice	fed	a	high	fat	
diet	 (HFD).	 To	 this	 end,	 four	 groups	of	mice	were	
fed	 with	 normal	 and	 HFD	 added	 or	 not	 with	
fructose.	Body	weight	and	glucose	sensitivity,	 liver	
inflammation,	 dysbiosis	 and	 the	 phenotype	 of	
Kupffer	 cells	 were	 determined	 after	 16	 weeks	 of	
diet.	Food	 intake	was	 increased	 in	the	two	groups	
of	mice	 fed	with	 the	HFD.	Mice	 fed	with	HFD	and	
fructose	 showed	 a	 higher	 infiltration	 of	
lymphocytes	 into	 the	 liver	 and	 a	 lower	
inflammatory	profile	of	Kupffer	cells	than	mice	fed	
with	 the	 HFD	 without	 fructose.	 The	 dysbiosis	
associated	 with	 diets	 showed	 that	 fructose	
specifically	 prevented	 the	 decrease	 of	 Mouse	
intestinal	 bacteria	 in	 HFD	 fed	mice	 and	 increased	
Erysipelotrichi	 in	 mice	 fed	 with	 fructose,	
independently	of	the	amount	of	fat.	In	conclusion,	
fructose,	used	as	a	sweetener,	induced	a	dysbiosis	
which	 is	 different	 in	 presence	 of	 fat	 in	 the	 diet.	
Consequently,	 the	 activation	 of	 Kupffer	 cells	
involved	 in	 mice	 model	 of	 HFD-induced	 liver	
inflammation	was	not	observed	 in	a	HFD/fructose	
combined	 diet.	 These	 data	 highlight	 that	 the	
complexity	of	diet	composition	could	highly	impact	
the	 development	 of	 liver	 lesions	 during	 obesity.	
Specific	 dysbiosis	 associated	 with	 the	 diet	 could	













steatohepatitis,	 NKT:	 natural	 killer	 T	 cell,	 KCs:	 kupffer	 cells,	
ND:	 normal	 diet,	 HFD:	 high	 fat	 diet,	 OGTT:	 oral	 glucose	
tolerance	 test,	 TG:	 triglycerides,	 ,	 ALT:	 alanine	
aminotransferase,	AST:	aspartate	aminotransferase,	FFA:	free	
fatty	 acids,	 HDL:	 high	 density	 lipoprotein,	 ALP:	 alcaline	
phosphatase,	 NPCs:	 non	 parenchymateous	 cells,	 CD:	 cluster	
of	 differenciation,	 GAPDH:	 glyceraldehyde-3-phosphate	
dehydrogenase,	 FISH-FCM:	 fluorescent	 in	 situ	 hybridization	
combined	 with	 flow	 cytometry,	 PCA:	 principal	 component	
analysis,	ND/F:	normal	diet	with	fructose,	HFD/F:	high	fat	diet	
with	 fructose,	 AT:	 adipose	 tissue,	 ACC:	 acetyl-CoA-
carboxylase,	 FAS:	 fatty	 acid	 synthase,	 PPARγ: peroxysome	
proliferator	activated	receptor γ, SREBP-1c:	sterol	regulatory	
element	 binding	 protein	 1c,	 ChreBPs:	 carbohydrate-
responsive	 element-binding	 proteins,	 TNFα: tumor	 necrosis	
factor-α, IL6:	interkeukin	6,	CCL2:	C-C	motif	chemokine	ligand	
2,	 CCR2:	 C-C	 motif	 chemokine	 receptor	 2,	 MHC:	 major	
histocompatibility	 complex,	 NOS:	 nitric	 oxid	 synthase,	 Arg:	









 Non	alcoholic	 fatty	 liver	disease	 (NAFLD)	 is	
associated	 with	 obesity,	 insulin	 resistance,	
diabetes,	 hypertriglyceridemia	 and	 arterial	
hypertension	 in	 the	metabolic	syndrome	(1).	With	
the	 increasing	 incidence	 of	 obesity,	 NAFLD	
becomes	 probably	 the	 most	 common	 cause	 of	
chronic	 liver	 disease	 in	Western	 countries.	NAFLD	
can	 progress	 from	 steatosis	 to	 steatohepatitis	
(NASH,	 non-alcoholic	 steatohepatitis),	 fibrosis,	
cirrhosis	and	hepatocellular	carcinoma	(2).	NASH	is	
characterized	 by	 steatosis	 associated	 with	 liver	
inflammation	 and	 liver	 immune	 dysregulation.	
Recruitment	 of	 inflammatory	 cells	 into	 the	 liver	
and	 their	 subsequent	 activation	 are	 the	 key	 steps	
in	 the	 progression	 of	 liver	 disease.	 NAFLD	 is	
associated	 with	 alterated	 hepatic	 lymphocyte	
subsets	 (3)	 including	 reduced	 numbers	 of	 hepatic	
Natural	 Killer	 T	 (NKT),	 lymphocytes	 and	 T	
regulatory	 lymphocytes.	 Moreover,	 resident	
macrophages	of	the	liver,	Kupffer	cells	(KCs)	play	a	
key	 role	 in	 the	 onset	 of	 NASH.	We	 have	 recently	
showed	 that	 KCs	 of	 obese	 mice	 are	 loaded	 with	
lipid	 droplets	 named	 “fat-laden”	 KCs.	 This	
accumulation	 of	 lipids	 orients	 KCs	 towards	 a	 pro-
inflammatory	 phenotype	 and	 participate	 to	 the	
development	of	an	abnormal	 immune	response	 in	
the	liver		(4).	
Modifications	 of	 diet	 habits	 in	 western	
countries	 show	an	 increase	of	 fructose	 intake	 (5).	
Indeed,	 daily	 fructose	 intake	 increased	 from	 15g	
before	1900	until	an	estimated	consumption	of	73g	
in	 american	 adolescents	 in	 1994.	 This	 increase	 is	
the	reflect	not	only	of	a	higher	fruit	juice	intake	but	
also	 of	 a	more	 commonly	 substitution	 of	 sucrose	
by	 high	 fructose	 corn	 syrup	 in	 soda.	 Then,	 the	
percentage	 of	 fructose	 in	 the	 diet	 was	 increased	
from	 4%	 until	 12%	 of	 total	 calories	 (6).	 We	
therefore	 aimed	 to	 study	 the	 involvement	 of	
fructose	on	the	development	of	inflammatory	liver	
lesions	 in	mice	 fed	 a	high	 fat	 diet.	 Fructose	 could	
be	 a	 specific	 substract	 for	 gut	 bacteria,	 we	
assessed	 dysbiosis	 caused	 by	 fructose	 enrichment	




Animal	 trials	 and	 diets.	 Mice	 were	 treated	 in	
accordance	with	the	Guide	for	the	Care	and	Use	of	
Laboratory	 Animals	 (National	 Research	 Council,	
1996).	
The	 evaluation	 of	 installation	 was	 performed	 by	
the	 departement	 of	 veterinarian	 service	 «	 des	
Hauts-de-Seine	 »	 and	 the	 agreement	 number	 is	
C92-02-301.	The	relevant	 Institutional	Animal	care	
comittee	 that	 approved	 this	 work	 is	 the	
“Consortium	des	 Animalerie	 Paris	 Sud	 »	 (CAPSud)	
registered	with	the	comittee	“Comité	d’Ethique	en	
Expérimentation	 Animale”	 under	 the	 number	 26	
(CEEA26).	 This	 work	 is	 anterior	 to	 the	 obligative	
ethic	 comittee	 but	 the	 technics,	 diet	 and	





libitum	 and	 treated	 in	 accordance	with	 the	Guide	
for	 the	 Care	 and	 Use	 of	 Laboratory	 Animals	
(National	 Research	 Council,	 1996).	Mice	were	 fed	
either	a	normal	diet	(ND)	or	a	high-fat	diet	(HFD)	in	
which	the	energy	content	of	fat	was	either	12%	or	
60%	 respectively.	 The	 HFD	 diet	 was	 performed	
with	lard	(34%)	and	contained	saturated	fatty	acid	
(8.3%),	 mono-insaturated	 fatty	 acid	 (4.5%)	 and	
poly-insaturated	 fatty	 acid	 	 (5.8%),	 (Ssniff,	 Soest,	
Germany).	Animals	had	free	access	to	either	water	
or	water	containing	20%	fructose	(w:v).	Eight	mice	
per	 group	 were	 fed	 the	 diets	 for	 16	 weeks.	 The	
caloric	 intake	 was	 measured	 by	 the	 diet	
consumption	 and	 the	 water	 containing	 fructose	
consumption.	 The	 energy	 content	 of	 normal	 diet	
(genestil	 1314,Royaucourt,	 France)	 was	 2988	
kCal/kg	and	the	energy	content	of	the	high	fat	diet	
(Ssniff	 D12492)	 was	 5736	 kCal/kg.	 The	 energy	
content	of	fructose	(21%)	was	84	kCal/L.		
Glucose	 tolerance.	 Oral	 glucose	 tolerance	 test	
(OGTT)	were	 performed	 as	 follow:	 a	 glucose	 load	
(2	g/kg)	was	given	by	gavage	after	6h	of	fasting	and	
blood	samples	were	 taken	 from	the	 tail	 vein	at	0,	
15,	30,	60,	90	and	120	min	after	the	gavage.	Serum	
glucose	 concentrations	 were	 determined	 by	 the	
Accu-Chek®	 Performa	 (Roche,	 Risch,	 Switzerland)	
and	 the	 area	 under	 the	 glucose–time	 curve	 was	
calculated.		
Tissues	ans	samples.	Mice	were	anesthetised	with	
ketamine	 (Imalgène,	 200mg/kg)	 and	 Rompun	
(Xylasine,	20mg/kg)	diluted	in	NaCl	0.9%	and	blood	
samples	 were	 collected	 in	 EDTA	 coated	 tubes.	
Then,	 the	 livers	 were	 perfused	 inversely	 to	 the	
normal	flux	with	PBS/EDTA	(5mM).	After	removing	
Ferrere	G.	et	al	 	 	 	
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blood,	 livers	 were	 excised,	 weighed	 and	 either	
fixed	 in	 buffered	 formaldehyde	 or	 snap-frozen	 in	
liquid	 nitrogen	 for	 triglycerides	 (TGs)	 and	 RNA	
extractions.	All	samples	were	stored	at	 -80°C	until	
use.	 The	 serum	 was	 used	 for	 alanine	
aminotransferase(ALT),	 aspartate	
aminostransferase	(AST)	(Olympus	AU400,	Sydney,	
Australia),	 triglycerides,	 free	 fatty	 acids	 (FFA),	
HDL-cholesterol	 and	 Alkaline	 phosphatase	 (ALP)	





blood,	 livers	were	 excised	 and	 homogenized	with	
0.05%	 collagenase	 IV	 (Sigma–Aldrich,	 Saint-Louis,	
Missouri)	buffered	with	0.1	M	HEPES	for	20min	at	
37°C.	 Hepatocytes	 were	 removed	 by	 a	 short	
centrifugation	 at	 50g.	 The	 non-parenchymateous	
cells	 (NPCs)	 were	 filtered	 through	 a	 70	 μm	 filter	
and	resuspended	in	PBS	2%	Fetal	Cow	Serum	prior	
to	 staining	 with	 monoclonal	 antibodies	 and	 flow	
cytometry	analysis.	For	KCs	enrichment,	NPCs	were	
resuspended	 with	 Optiprep	 22%	 (Axis-Shield,	
Scotland),	 layered	 with	 HBSS/	 EDTA	 (5mM)	 and	
centrifuged	 at	 900g	 at	 room	 temperature	 for	
20min.	 Among	 NPCs,	 lymphocytes	 CD45+	 count	
was	quantified	by	the	labeling	of	CD45	cell	surface	
antigen	 (V500-conjugated	 rat	 anti-CD45	
monoclonal	 antibody	 30-F11,	 Becton	 Dickinson,	
New	Jersey).	Macrophages	were	stained	with	a	rat	
anti-F4/80	 antibody	 (CI:A3-1,	 AbD	 Serotec,	
Kidlington,	 UK)	 and	 a	 rat	 anti-MHCII	 antibody	
(M5/114.15.2,	Ebiosciences,	San	Diego,	USA),	a	rat	
anti-CD40	 (3_23)	and	anti-CD86	 (GL1)	monoclonal	
antibodies,	 an	 armenian	 hamster	 anti-CD80	 (16-
10A1)	 and	 anti-CD11c	 (HL3)	 mononucleal	
antibodies	 (Becton	 Dickinson,	 New	 Jersey,	 USA).	
Results	 were	 analyzed	 with	 a	 Fortessa	 LSR-II	




Portions	 of	 frozen	 liver	 from	 mice	 were	
homogenized	 in	 chloroform-methanol	 (2:1)	 in	
order	 to	 extract	 total	 lipids	 and	 TGs	 were	
separated	by	thin	layer	chromatography.	TGs	were	
extracted	 from	 the	 silica	 plate	 with	 acetone,	
measured	 with	 a	 colorimetric	 diagnostic	 kit	
(Triglycerides	 FS;	 Diasys,	 Holzheim,	Germany)	 and	
expressed	in	mg	of	TGs	per	mg	of	liver.	To	quantify	
liver	 glycogen,	 we	 used	 a	 glycogen	 assay	 kit	
(MAK016,	Sigma-Aldrich,	Missouri,	USA).	Briefly,	10	











4%	 paraformaldehyde	 and	 then	 embedded	 in	
paraffin.	Paraffin	sections	(4	μm)	were	stained	with	
Hematoxylin	 and	 Eosin	 (H&E).	 Images	 were	
obtained	by	using	a	NanoZoomer	Digital	Pathology	
system	 (x20),	 objective	 lens	 numerical	 aperture	
0.75	(Hamamatsu	Photonic).	
	
Reverse	 transcription	 of	 RNA.	 Mice	 livers	 were	
disrupted	 in	 Qiazol	 solution.	 Total	 RNA	 was	
extracted	 using	 a	 Qiagen	 RNeasy	 Lipid	 tissue	
minikit	 (Qiagen,	 Toronto,	 Canada).	 The	 RIN	 (RNA	
integrity	number)	was	determined	with	the	Agilent	
bioanalyzer	2100	system	with	the	RNA	6000	Nano	
Labchip	 kit	 (Agilent	 Technologies,	 Santa	 Clara,	
Californie).	 Samples	with	 a	 RIN	 inferior	 to	 8	were	
eliminated.	For	cDNA	synthesis,	1	µg	of	each	total	
RNA	 sample	 was	 reverse	 transcribed.	 After	 their	
denaturation	 (5	 min	 at	 70°C),	 a	 12	 µl	 mix	
containing	 1	 µg	 of	 RNA,	 1	 µl	 of	 M-MuLv	 reverse	




Meylan,	 France),	 was	 prepared	 for	 each	 sample.	
Samples	were	 then	 heated	 at	 65°C	 for	 5	min	 and	
cooled	 on	 ice.	 The	 reaction	 conditions	were	 42°C	
during	1h,	5	min	at	94°C.		
	
Gene	 expression	 analysis	 by	 quantitative	 PCR.	
Real-time	 qPCR	 was	 performed	 in	 a	 Light	 Cycler	
480	(Roche	Diagnostics,	Risch,	Swiss)	using	the	LC	
FastStart	 DNA	 Master	 SYBR	 Green	 I	 kit	 (Roche	
Diagnostics).	 Amplification	 was	 initiated	 with	 an	
enzyme	 activation	 step	 at	 95°C	 for	 10	 min,	
followed	 by	 40	 cycles	 consisting	 of	 20s	 of	
denaturation	 at	 95°C,	 15s	 of	 annealing	 at	 the	




of	 elongation	 at	 72°C.	 Primers	 used	 to	 amplify	
cDNA	 are	 listed	 in	 table	 1.	 Data	 were	 analyzed	
using	 LC	 480	 Software	 (Roche	 Diagnostics).	 The	






Feces	 collection	 and	 analysis	 of	 the	 gut	
microbiota.	Fresh	fecal	samples	from	mice	fed	the	
different	 diets	 were	 collected	 and	 fixed	 one	 day	
before	mice	 were	 euthanized.	 Fluorescent	 in	 Situ	
Hybridization	 combined	 with	 Flow	 Cytometry	
(FISH-FCM)	 analysis	 was	 performed.	 Fixation	 and	
permeabilization	 of	 samples	 were	 carried	 out	 as	
described	 previously	 (7).	 Permeabilized	 cells	were	
hybridized	 in	 the	dark	 for	16	h	at	37°C	 in	50	μl	of	
hybridization	 buffer	 (900	 mM	 NaCl,	 20	 mM	 Tris–
HCl,	pH	7.2;	0.01%	SDS;	15%	formamide;	and	4	ng	
μl−1	 of	 fluorescent	 probe)	 in	 a	 96-well	microtiter	
plate.	 The	 16S	 rRNA-targeted	 oligonucleotide	
probes	targeting	nine	bacterial	groups	used	in	this	
study	are	 listed	 in	 Table	2,	with	4	 control	probes,	
Eub338	 which	 is	 specific	 for	 the	 domain	 Bacteria	
and	 NonEub338	 which	 is	 the	 complement	 of	
Eub338	 and	 is	 used	 as	 a	 negative	 control	 to	
account	 for	 non-specific	 binding	 and	 background	
fluorescence.	 They	 were	 covalently	 linked	 with	
fluorescein	 isothiocyanate	 (FITC)	 or	
indodicarbocyanin	 (Cy5)	 at	 the	 5ʹ-end	 (Thermo	
Fischer	 Scientific	 GmbH,	 Ulm,	 Germany).	 All	 the	
following	 steps	 were	 performed	 in	 the	 dark,	 a	
volume	 of	 150	 μl	 of	 hybridization	 solution	 was	
added	 to	 each	 well	 and	 cells	 were	 pelleted	 at	




0.01%	 SDS).	 Cells	 were	 pelleted	 and	 resuspended	
in	 phosphate-buffered	 saline	 (PBS,	 pH	 7.2).	
Aliquots	 of	 100	 μl	 were	 added	 to	 0.5	ml	 of	 FACS	
Flow	 (Becton	 Dickinson,	 Franklin	 Lakes,	 New	
Jersey)	for	data	acquisition	by	flow	cytometry.	Cell	
enumeration	 was	 performed	 by	 combining	 one	
group	 Cy5-probe	 with	 the	 Eub338	 FITC-probe	 in	
one	hybridization	tube.	Results	were	expressed	as	
cells	 hybridizing	 with	 group-Cy5	 probe	 as	 a	
proportion	 of	 the	 total	 bacteria	 hybridizing	 with	
the	 general	 Eub338	 FITC-probe.	 To	 quantify	
bacterial	 DNA,	 optimized	 buffers	 and	 enzymes	
were	used	to	digest	 the	 liver	and	to	recover	DNA.	
Bacterial	 DNA	 was	 quantified	 by	 using	 universal	
primers	 for	 Eubacteria	:	 ACT-CCT-ACG-GGA-GGC-
AGC-AGT	 3'	 (forward)	 and	 5'	 ATT-ACC-GCG-GCT-
GCT-GGC	3	(reverse).	
 

































Probe name Sequence (5’ - 3’) Target Fluorochrome 
NON EUB 338 ACATCCTACGGGAGGC none 5’FITC 
NON EUB 338 ACATCCTACGGGAGGC none 5’CY5 
EUB 338 GCTGCCTCCCGTAGGAGT domain Bacteria 5’FITC 

















GGT GGA TWA CTT ATT 
GTG Competitor 1 
GGT GGA AWA CTT ATT 
GTG Competitor 2 










Enter 1432 CTTTTGCAACCCACT Enterobacteria 5’CY5 




Ecyl 387 CGCGGCATTGCTCGTTCA Erysipelotrichi 5’CY5 





*Y = C/T and W = A/T 1 
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a	ND	diet	 compared	 to	mice	 fed	with	 a	HDF	diet,	
independently	of	fructose	(Fig	1B	and	C).		After	12	
weeks	 of	 diet,	 the	 body	 weight	 increased	 in	 the	
HFD	and	the	HFD/F	compared	to	ND	and	ND/F	fed	
mice	groups	 (Fig	1A).	 	After	16	weeks	of	diet,	 the	
body	 weight	 of	 mice	 were	 not	 modified	 in	 the	
ND/F	fed	mice	group	compared	to	the	ND	fed	mice	




the	 calories	 number/day	 in	 the	 ND/F	 fed	 mice	
group	 (53%),	 the	 fructose	 consumption	 did	 not	
modify	 the	glucose	sensitivity	 in	mice	 (Fig	1D	and	
E).	 HFD/F	 fed	 mice	 group	 showed	 a	 significant	
weight	gain	compared	to	the	HFD	fed	mice	group.	




Similarly,	 the	 glucose	 sensitivity	 of	 the	 group	 of	
mice	 fed	 with	 the	 HFD/F	 was	 significantly	 higher	
compared	 to	 the	HFD	 fed	mice	group	 (Fig	1D	and	
E).	 The	 fructose	 consumption	 in	 the	 HFD/F	 fed	
mice	 group	 participated	 in	 a	 low	 part	 of	 the	
caloriesnumber/day	 compared	 to	 the	 ND/F	 fed	
mice	group	(19,5%	and	53%	of	the	calories	intake,	






histology	 and	 TGs	 quantification	 was	 significantly	
higher	 in	 the	HFD/F	group	of	mice	 (Fig	2A	and	B)	
compared	to	the	other	groups	of	mice.		
Conversely,	 fructose	 associated	 with	 the	 ND	 diet	
was	not	able	to	induce	a	higher	steatosis	compared	
to	the	ND	group	of	mice	(Fig	2B).	However,	if	body	
weight	 gain	was	 similar	 between	 the	 ND	 and	 the	
ND/F	groups	of	mice,	the	epidydimal	adipose	tissue	
(AT)	 weight	 was	 slightly	 increased	 in	 the	 ND/F	
group	of	mice	(Fig	2C).		
Conversely,	 the	 epididymal	 AT	 was	 similar	 in	 the	
HFD	and	the	HFD/F	group	of	mice	although	a	high	
caloric	intake	in	the	HFD/F	group	of	mice.		
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Hepatocellular	 injury	 induced	 an	 increase	 of	 ALT	
only	in	both	groups	of	HFD	fed	mice	independently	
of	 the	 fructose	 consumption	 compared	 to	 the	ND	
fed	 mice	 groups	 (Fig	 2E),	 AST	 level	 was	 not	
modified	(Fig	2F).	
	
Figure	 2:	 Analysis	 of	 hepatic	 phenotype	 and	 fat	 mass	 after	 16	
weeks	of	diet.	 (A)	Histological	 examination	of	 liver	 tissue	 section	 stained	
with	 Hematoxylin-eosin	 (scale	 50um).	 (B)	 Hepatic	 triglyceride	 content.	 (C)	
Fat	mass	of	epididymal	adipose	 tissue	amount.	 (D)	 Liver	 /	weight	 ratio.	 (E)	











palmitoyl	 transferase	 1	 (CPT1),	 	 (D)	 Peroxysome	 proliferator	 activated	
receptor	 gamma	 (PPARγ),	 (E)	 Sterol	 regulatory	 element	 binding	 protein	 1c	






Plasma	 triglycerides	 were	 increased	 exclusively	 in	
the	 HFD	 fed	mice,	 as	 the	 free	 fatty	 acids	 (Fig	 3A	
and	 B),	 conversely	 to	 the	 liver	 triglycerides	which	
were	 higher	 in	 the	 HFD/F	 fed	mice	 (Fig	 2B).	 HDL	
was	decreased	in	both	HFD	group	of	mice	(Fig	3C).	
Alkaline	phosphatase	was	increased	in	all	groups	of	
mice	 compared	 to	 the	 control	 group	 (Fig	 3D).	 As	





We	assessed	 to	 the	de	novo	 lipogenesis	by	mRNA	
quantification	of	ACC	(Acetyl-CoA-carboxylase)	and	




did	not	 show	a	 similar	 increase	of	 FAS.	We	 found	
an	increase	of	lipogenesis	in	mice	fed	with	fructose	




factors	 involved	 in	 lipogenesis	 regulation	 showed	
that	 PPARγ	 was	 specifically	 increased	 in	mice	 fed	
with	a	HFD	and	a	HFD/F	diets	(Fig	4D).	No	increase	





As	 ALT	 level	 is	 not	 strictly	 correlated	 with	 the	
severity	 of	 liver	 injury	 in	 NAFLD	 (4,	 8),	
inflammation	was	also	 scored	by	quantification	of	
intrahepatic	 lymphocytes.	 Fructose	 consumption	
associated	 with	 a	 HFD	 diet	 (HFD/F)	 induced	 a	
higher	 lymphocyte	 recruitement	 compared	 to	 a	
HFD	 diet	 (Fig	 5A).	 Lymphocytes	 increased	 was	
characterized	 by	 higher	 levels	 of	 lymphocytes	 T	
CD4+	 and	 NKT	 (Fig	 5B).	 This	 inflammation	 was	
associated	with	 the	 increase	 of	mRNA	 expression	
of	 TNFα	 in	 the	 two	 HFD	 group	 of	 mice	 (Fig	 6A)	
although	IL6	mRNA	expression	was	not	different	as	
previously	 shown	 in	 HFD	 mice	 (4).	 However,	 the	
F4/80,	 CD68	 and	 CCL2	 mRNA	 expression	 were	
significantly	increase	in	the	HFD	fed	group	of	mice	
compared	 to	 the	 HFD/F	 fed	mice	 suggesting	 that	
KCs	were	differently	activated	(Fig	6B).	
	










































































































































































































































Several	 parameters	 were	 quantified	 in	 plasma	 (A)	 Triglycerides,	 (B)	 Free	
fatty	acid,	(C)	HDL,	(D)	Alkaline	phosphatase	(ALP).	(E)	Liver	glycogen	in	mice	




CCR2	 mRNA	 was	 increased	 similarly	 in	 HFD	 and	
HFD/F	 fed	 mice.	 As	 we	 previously	 demonstrated	
that	KCs	 showed	a	proinflammatory	phenotype	 in	
the	 liver	 of	 obese	 mice	 (4),	 we	 assessed	 their	
activated	 phenotype	 by	 flow	 cytometry.	
Conversely	 to	 the	 lymphocytes	 quantification,	 the	
up-regulation	 of	 co-activation	 molecules,	 CD40,	
CD86	 or	MHCII	 was	 significantly	 increased	 in	 KCs	
(F4/80	 positive	 cells)	 of	 the	 HFD	 fed	 mice	 group	
(Fig	5C).		
	
The	mRNA	 expression	 of	 genes	 associated	with	 a	
pro	 (NOS2)	 or	 an	 anti-inflammatory	 phenotype	
(Arginase	and	MRC1)	were	modified	only	in	KCs	of	
HFD	 fed	mice	 (Fig	 6C).	Moreover,	 as	 described	 in	
the	 white	 adipose	 tissue	 of	 obese	 mice,	 the	
percentage	of	KCs	expressing	 the	CD11c	molecule	
was	higher	in	the	HFD	fed	group	of	mice	but	not	in	
the	HFD/F	 fed	group	of	mice	 (13).	 The	number	of	
CD11c	KCs	was	also	surprisingly	higher	in	the	ND/F	
fed	 group	 of	 mice	 without	 any	 changes	 in	 their	
phenotype	profiles	assessed	by	flow	cytometry	(Fig	 
	
A	 dysbiosis	 was	 associated	 with	 fructose	
consumption	
As	 recently	 shown,	 KCs	 participate	 in	 the	
commensal	clearance	of	blood	commensal	bacteria	
as	known	as	the	microbiota	(14).	To	assess	that	the	
activation	of	KCs	 could	be	 correlated	 to	 a	 specific	
microbiota	 we	 performed	 FISH-FCM	 to	 analyze	
dominant	and	sub-dominant	bacterial	populations.	
A	 set	 of	 12	 probes	 targeting	 bacterial	 16S	 rRNA	














































































Figure	 5:	 Quantification	 of	 inflammation	 and	 KC	 phenotype	
after	16	weeks	of	diet.	Quantification	of	liver	lymphocytes	subsets	in	
the	 liver	 of	mice	 by	 flow	cytometry,	 (A)	 CD45+,	 (B)	CD4+,	 CD8+,	 CD19+,	
NKT	 and	 NK	 cells.	 	 (C)	 Quantification	 of	 activated	 KCs	 phenotype	 by	





























































































































































The	 composition	 of	 the	 faecal	 microbiota	 were	
similar	 in	 all	 groups	of	mice	before	 the	diet	 (data	
not	 shown).	 Principal	 component	 analysis	 (PCA)	
was	 used	 to	 examine	 the	 overall	 structure	 of	 the	
microbiota.	 Resulting	 ordination	 plots	 highlighted	
that	 dysbiosis	 were	 associated	 with	 the	 diet	
composition	 (Fig	 7A).	 However,	 dysbiosis	 was	
clearly	 observed	 by	 addition	 of	 fructose	 to	 a	 ND	
diet	or	 the	addition	of	 lipids	to	a	ND	diet.	 Indeed,	
the	 HFD	 consumption	 compared	 to	 the	 ND	
consumption	 was	 associated	 with	 a	 dysbiosis	
which	clustered	each	group	of	mice	ND	versus	HFD	
groups	 in	 accordance	 to	 previous	 data	 (15,	 16).	
Similarly,	 the	 addition	 of	 fructose	 to	 a	 ND	 diet	
clustered	mice	 in	 two	 separate	 groups.	 However,	






coccoides,	 Clostridium	 leptum,	 Atopobium,	
Lactobacillus-Enterococcus	 and	 Bifidobacterium	
were	 not	 significantly	modified	 by	 diets	 (data	 not	
shown).	 Conversely,	 Enterobacteria	 were	
systematically	increased	by	changes	in	the	diet	(Fig	
7B).	 As	 previously	 shown	 Bacteroides	 genus	 was	
decreased	 by	 the	 HFD	 diet	 independently	 of	
fructose	 consumption	 (Fig	 7C).	 Conversely,	 the	
consumption	 of	 fructose	 with	 a	 normal	 diet	
induced	 a	 high	 increase	 of	 Bacteroides.	
Erysipelotrichi	 were	 increased	 by	 the	 fructose	
consumption	 independantly	 of	 the	 HFD	 diet	 (Fig	
7D).	 Mouse	 Intestinal	 Bacteria	 (MIB)	 which	 were	
also	 detected	 in	 humans,	 were	 decreased	 in	 HFD	
and	HFD/F	fed	group	of	mice	(Fig	7E).		
However,	 the	 fructose	 consumption	with	 the	HFD	
prevented	 the	 large	 decrease	 of	 the	 MIB	




a	 HFD	 was	 significantly	 different	 from	 the	 DNA	
content	 of	 mice	 fed	 a	 ND.	 However,	 the	 DNA	
content	was	also	increased	in	mice	fed	with	the	ND	




activation	 of	 KCs.	 Then,	 the	 development	 of	 liver	
lesions	was	associated	with	an	increase	of	bacterial	




Figure 6: Quantification of inflammation and KC phenotype after 16 weeks of diet.  
Hepatic mRNA level of genes involved in inflammation and in KC phenotype. mRNA levels were normalized to GAPDH expression 
and fold inductions were calculated. (A) TNFα, IL6. (B) F4/80, CD68, CCL2 and CCR2. (C) NOS2, Arginase and MRC1. Normal 
diet: ND; ND with fructose: ND/F; high fat diet: HFD; and HFD with fructose: HFD/F. Data represent the mean±SEM of 8 mice 












































































































































































































































Nutrients	 have	 an	 influence	 on	 the	 body	 and	
recently	changes	in	food	consumption	induced	the	
development	 of	 various	 pathologies	 including	




consumption.	 If	 non	 caloric	 artificial	 sweeteners	
were	 used	 for	many	 years,	 the	 use	 of	 fructose	 as	
alternative	 sugar	 source	was	more	 recent.	 Recent	
studies	 showed	 that	 fructose	 promote	 increased	
food	 intake	 and	 contributed	 to	 impair	 insulin	
sensitivity	 (17)	 and	 was	 associated	 with	 the	
severity	 of	 NAFLD	 (18).	 However,	 the	 effects	 of	
fructose	 and	 the	 higher	 energy	 intake	 could	 be	
confounded	 especially	 in	 humans	 studies	 (19).	 To	
address	 the	 impact	 of	 fructose	 associated	 with	 a	
high	 fat	diet,	we	 induced	obesity	 in	mice	and	also	
adressed	the	impact	of	fructose	alone.	Fructose	did	
not	 induce	 an	 increase	 of	 the	 amount	 of	 caloric	
intake	 per	 day.	 Actually,	 in	 mice	 fed	 a	 ND/F	 diet	
compared	to	mice	fed	a	ND	diet,	food	consumption	
was	 decreased	 whereas	 water	 consumption	
containing	20%	of	 fructose	was	 increased,	 leading	
to	 an	 absence	 of	 body	 weight	 gain.	 This	 fructose	
consumption	 was	 not	 sufficient	 to	 impair	 the	
glucose	tolerance	as	previously	described	(11,	20).	
Conversely,	mice	 fed	a	HFD	with	 fructose	 showed	
an	increase	of	ingested	calories	per	day.	In	the	HFD	
and	 HFD/F	 group	 of	 mice,	 steatosis	 was	
significantly	 increased.	 Expression	 of	 some	 genes	
involved	 in	 lipid	 homeostasy,	 de	 novo	 lipogenesis	
and	 transcriptional	 factors	 showed	 that	 FAS	 and	
PPARγ	 were	 increased	 specifically	 in	 mice	 fed	 a	
HFD/F	 diet.	 Surprisingly,	 we	 found	 that	 de	 novo	
lipogenesis	 was	 increased	 in	 mice	 fed	 fructose	
whereas	 no	 TGs	 accumulation	 was	 found.	
Moreover,	 we	 did	 not	 found	 any	 significant	
increase	 of	 glycogen	 storage	 in	 mice	 fed	 with	
fructose	 after	 12	 weeks	 of	 diet.	 The	 increase	 of	
steatosis	in	both	group	of	mice	fed	with	a	HFD	diet	
was	 associated	 with	 differences	 in	 the	 onset	 of	
inflammation.	 Actually,	 we	 showed	 that	 the	
lymphocyte	 infiltration	 induced	by	 the	HFD/F	diet	
was	 increased	 compared	 to	 the	 HFD	 fed	 mice	
group.	 Conversely,	 and	 surprisingly	 Kupffer	 cells	
which	 were	 activated	 in	 the	 HFD	 fed	 mice	 group	
were	 not	 activated	 in	 the	 HFD/F	 group.	We	 have	
previously	 shown	 that	 an	 HFD	 diet	 induced	 not	
only	 lymphocytes	 recruitement	 but	 also	 KCs	
modifications	 (4).	KCs	as	monocytes/macrophages	
are	 a	 heterogenous	 population	 which	 release	 a	
high	 diversity	 of	 cytokines	 and	 chemokines,	
express	 numerous	 cell	 surface	 markers	 and	
transcriptional	 profiles.	 These	 cells	 have	 been	
classified	either	into	pro-inflammatory,	M1	or	anti-
inflammatory,	 M2	 macrophages.	 However,	 this	
simple	dichotomous	nomenclature	does	not	reflect	
the	 diversity	 of	 macrophages	 in	 a	 tissue	 (21-23).	
KCs	from	HFD	mice	accumulated	lipids	which	were	
responsible	 for	 their	 inflammatory	 phenotype.	 In	
the	 present	 study	 we	 showed	 that	 fructose	
differently	 induced	 the	 KCs	 phenotype.	
Transcriptional	profile	was	 clearly	modified	 in	KCs	
Figure 7: Dysbiosis induced by HFD and 
fructose diets after 16 weeks of diet.  
Analysis of gut bacterial communities by 16S 
rDNA analysis in feces from mice fed with 
different diets. (A) PCA representation of 
microbiota profile. Each point corresponds to a 
community from a single mouse fed with different 
diet. (B) Percentages of Enterobacteria. (C) 
Percentages of Bacteroides/Prevotella (D) 
Percentages of Mouse intestinal Bacteria. (E) 
Percentages of Erysipelotrichi. (F) Quantification 
of liver bacterial DNA. Data represent the 
mean±SEM of 8 animals (Mann-Whitney, *: 
p<0.05, **: p<0.01, ***p < 0.001).  
















































































































fructose	 diet.	 As	 an	 antigen	 presenting	 cell,	 KCs	
could	 process	 antigens	 inducing	 a	 higher	
expression	 of	 surface	 co-stimulatory	 molecules.	
The	 analysis	 by	 flow	 cytometry	 of	 co-stimulatory	
molecules	 CD80,	 CD86	 and	 CD40,	 also	 showed	 a	
specific	 increase	 in	 HFD	 fed	 mice.	 Indeed,	 HFD/F	
diet	induced	a	higher	TG	accumulation	in	the	liver,	
that	was	associated	with	a	 lower	activation	of	KCs	
compared	 to	 mice	 fed	 a	 HFD	 diet.	 However,	 we	
observed	 a	 higher	 content	 of	 lymphocytes	 in	 the	
liver	of	those	mice	and	especially	high	percentages	
of	 CD4+	 lymphocytes	 and	 NKT	 cells.	 NKT	 cells	 are	
known	for	their	potent	role	in	immune	regulation,	
especially	 in	 the	 liver	 where	 the	 NKT	 content	 is	
high	 in	 comparison	 to	 the	 blood	 NKT	 content.	 In	
liver	 disease,	 a	 decrease	 in	 NKT	 percentage	 was	
described	 in	ob/ob	mice	and	conversely	 increased	




HFD/F	 diet	 showed	 a	 lower	 activation	 of	 KCs	
although	metabolic	profile,	TG	content	and	glucose	
sensitivity	 were	 similarly	 promoted	 compared	 to	
HFD	fed	mice.	We	did	not	assessed	the	phenotype	
of	NKT	 cells	 in	HFD/F	 fed	mice,	but	 their	 increase	
number	 could	 be	 associated	 with	 a	 pro-
inflammatory	phenotype	dampering	KC	activation.		
Then,	 nutrients	 were	 able	 to	 differently	
induce	 liver	 inflammation	 pathways.	 We	 found	
that	 these	 discrepancies	 were	 associated	 with	
specific	 changes	 in	 the	 composition	 of	 the	 gut	
microbiota.	 It	 has	 been	 described	 that	
Bacteroidetes	 were	 decreased	 in	 obese	 and	
associated	 with	 liver	 inflammation	 (16,	 26,	 27).	
However,	a	more	recent	study	in	obese	adolescent	
showed	a	significant	increase	of	Bacteroidetes	(28).	
As	 fructans,	 which	 are	 polymers	 of	 fructose,	
favored	 the	Bacteroides	 growth	 (29),	 the	 amount	
of	 fructose	 in	 the	 daily	 intake	 could	 explained	
these	 discrepancies.	 The	 fructose	 diet	 induced	
specifically	 an	 increase	 of	 	 Erysipelotrichi	 and	
prevented	the	large	decreased	of	MIB	induced	by	a	
HFD	 diet.	 Altogether	 these	 data	 showed	 that	
fructose	modified	gut	microbiota	according	 to	 the	
fat	 content	 in	 the	 diet.	 Previous	 studies	 using	
water	 containing	 30%	 fructose	 described	 a	
steatosis	 in	fructose	fed	mice	and	antibiotics	wera	
able	 to	 decrease	 the	 TG	 accumulation	 (10).	 They	
also	showed	a	dependance	on	Toll	 like	 receptor	4	
(TLR4)	 expression	 suggesting	 a	 possible	 role	 of	
microbiota	 (30).	 Then,	 as	 the	 dysbiosis	 was	
different	between	mice	consuming	fructose	or	not,	
we	 suggest	 that	 bacteria	 and	 microbial	 patterns	
could	 act	 differently	 to	 activate	 KCs	 as	we	 shown	
here.	 As	 it	 has	 been	 shown	 that	 DNA	 bacterial	
content	 was	 increased	 in	 HFD	 fed	 mice,	 we	
assessed	the	bacterial	DNA	in	livers	and	confirmed	
that	 bacterial	 DNA	 content	 was	 increased	 (31).	
Fructose	did	not	 induced	significant	differences	 in	
DNA	 translocation	 reinforcing	 the	 importance	 of	
bacteria	species	in	deleterious	effect	of	microbiota	
and	 their	 role	 on	 KCs	 activation.	 Indeed,	 KCs	 by	
their	 phagocytic	 function	 clear	 bacterial	
compounds	 from	 the	 systemic	 vasculature.	 HFD	
diet	 induced	 a	 dysregulation	 of	 lipid	 metabolism	
associated	with	a	pro-inflammatory	phenotype	and	
disturbances	of	phagocytic	functions	(4,	32).	Then,	
the	 clearance	 of	 bacterial	 patterns,	 and	 more	
specifically	 patterns	 of	 specific	 bacterias,	 was	
modified	 and	 could	 participate	 in	 liver	 damage	
(14).		
In	 conclusion,	 we	 showed	 that	 fructose	
induced	 differential	 dysbiosis	 in	 HFD	 fed	 mice	
which	 seemed	 lowering	 activation	 of	 KCs	 but	
inducing	 a	 direct	 higher	 recruitement	 of	
intrahepatic	 lymphocytes.	 As	 the	 microbiota	
composition	 is	 modified	 by	 the	 diet	 composition,	
identification	 of	 microbial	 patterns	 and	
metabolites	 produced	 by	 the	 gut	 microbiota	
appears	 to	 be	 a	 new	 challenge	 to	 decipher	
mechanisms	involved	in	inflammatory	liver	damage	
rather	 than	 the	 only	 identification	 of	 specific	
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Les	 mécanismes	 à	 l’origine	 de	 la	 transition	 de	 la	 stéatose	 vers	 la	 NASH	 et	 en	
particulier	le	rôle	des	macrophages	sont	mal	compris.	Pour	cet	article,	je	me	suis	intéressée	
au	rôle	de	la	KC	dans	cette	transition	vers	la	NAFLD.	
En	 effet,	 les	 cellules	 de	 Kupffer	 peuvent	 présenter	 différents	 phénotypes	 :	 pro-
inflammatoire	ou	anti-inflammatoire.	Les	KC	ayant	un	phénotype	pro-inflammatoire	peuvent	
donc	 induire	 un	 recrutement	 de	 cellules	 immunitaires	 et	 être	 ainsi	 des	 actrices	majeures	
dans	les	étapes	précoces	du	développement	de	la	maladie.		
Dans	 cet	 article,	 nous	 n’avons	 pas	 pu	 montrer	 que	 le	 recrutement	 de	 la	 KC	 était	
augmenté	 dans	 les	 foies	 au	 stade	 de	 la	 stéatose	 (HFD	 et	 ob/ob).	 Ces	 résultats	 étaient	




L’accumulation	 de	 lipides	 au	 sein	 des	 KC	 issues	 de	 foie	 de	 souris	 obèse	 soulignait	
l’importance	d’étudier	le	métabolisme	lipidique	au	sein	de	la	KC.	Les	avancées	récentes	sur	
le	 rôle	 des	 lipides	 comme	médiateurs	 dans	 l’immunité	 renforçaient	 l’importance	 de	 cette	
hypothèse.	 Plusieurs	 études	 montraient	 que	 les	 macrophages	 du	 TA	 avaient	 un	 profil	
pro-inflammatoire	 au	 cours	 de	 l’obésité	 (252,	 253).	 Tout	 comme	 les	macrophages	 du	 TA,	
nous	avons	montré	que	les	KC	issues	de	foies	stéatosiques	(fat-laden	KC)	sécrètent	plus	de	
cytokines	 et	 de	 chimiokines	 pro-inflammatoires	 en	 condition	 basale.	 De	 plus,	 ces	 KC	 sont	
plus	 sensibles	au	 LPS	que	 les	KC	 issues	de	 souris	 contrôles.	Dans	nos	études	effectuées	 in	
vitro	 et	 in	 vivo,	 le	 fat-laden	 KC	 recrutent	 davantage	 les	 différentes	 populations	
lymphocytaires	comparées	aux	souris	contrôles.	Ainsi,	 le	phénotype	pro-inflammatoire	des	
KC	de	souris	obèses	a	été	corrélé	à	leur	capacité	à	recruter	davantage	les	lymphocytes.	






Les	 changements	 de	 répartition	 du	 cholestérol	 libre	 et	 des	 esters	 de	 cholestérol	
montrent	que	 le	métabolisme	du	cholestérol	est	dérégulé.	En	effet,	des	études	faites	chez	
l’Homme	et	 la	 souris	montrent	une	accumulation	du	cholestérol	 libre	et	des	modifications	
dans	l’homéostasie	du	cholestérol	pendant	la	NAFLD	(256).		
Par	ailleurs,	l’accumulation	de	diacylglycérols	et	de	céramides	peut	intervenir	dans	la	
voie	 de	 signalisation	 à	 l’insuline	 et	 conduire	 à	 l’insulino-résistance	 (257).	 L’analyse	 de	 la	
lipidomique	montre	également	que	cette	accumulation	de	diacylglycérols	n’est	pas	due	à	un	
défaut	 de	 synthèse	 de	 triglycérides.	 L’expression	 des	 gènes	 de	 nombreuses	 enzymes	
impliquées	 dans	 la	 synthèse	 de	 lipides,	 leur	 stockage	 et	 leur	 transport,	 est	 dérégulée.	
Cependant,	en	utilisant	un	 inhibiteur	de	 la	 lipogenèse	de	novo,	 le	TOFA	dans	notre	étude,	
nous	avons	pu	montrer	que	le	phénotype	pro-inflammatoire	de	la	fat-laden	KC	est	réprimé.	
Ainsi,	le	métabolisme	des	lipides	participe	directement	au	phénotype	pro-inflammatoire	des	
KC	 de	 foies	 stéatosiques.	 Ces	 observations	 confirment	 que	 le	 maintien	 d'un	 phénotype	
non-inflammatoire	de	la	KC	améliore	les	lésions	hépatiques	liées	à	l'obésité	(126).		
	
Une	meilleure	 connaissance	 des	mécanismes	 de	 l’inflammation	 pourrait	 permettre	
de	 développer	 de	 nouvelles	 voies	 thérapeutiques,	 d’une	 part,	 en	 modulant	 certains	
récepteurs	 spécifiques	 aux	 macrophages	 résidents	 ce	 qui	 permettrait	 de	 réguler	 leur	
fonction	 dans	 les	 processus	 inflammatoires	 sans	 pour	 autant	 affecter	 l’homéostasie	
tissulaire.	 D’autre	 part,	 un	 contrôle	 de	 la	 quantité	 ou	 la	 nature	 des	 lipides	 accumulés	 au	
cours	de	la	stéatose	pourrait	permettre	de	limiter	l’inflammation.	Dans	cette	optique,	mon	
équipe	 et	 moi-même	 nous	 sommes	 intéressés	 au	 ciblage	 de	 la	 KC.	 Des	 études	 avaient	








enzymes	 impliquées	 dans	 le	 métabolisme	 des	 lipides	 ou	 des	 céramides	 ou	 bien	 des	
molécules	inhibant	directement	ces	enzymes.	
	 135	
Dans	 ce	 cadre,	 j’ai	 participé	 aux	 études	 préliminaires	 du	 projet,	 j’ai	 tout	 d’abord	
déterminé	 les	 rapports	 de	 nanoparticules	 et	 de	 siRNA	 n’entraînant	 pas	 de	 cytotoxicité	 de	
macrophages	 en	 culture.	 De	 plus,	 j’ai	 prouvé	 que	 ces	 nanoparticules	 chargées	 avec	 des	
siRNA	dirigés	contre	la	FAS	ou	l’ACC	permettaient	bien	de	réduire	la	présence	de	l’ARNm	de	
ces	 protéines.	 Dans	 des	 études	 in	 vivo,	 j’ai	 déterminé	 les	 quantités	 injectables	 de	
nanoparticules	 nécessaires	 pour	minimiser	 le	 ciblage	 extra-hépatique.	 En	 effet,	 l’ajout	 de	
clodronate	 dans	 les	 nanoparticules	 est	 une	 technique	 de	 ciblage	 utilisée	 pour	 dépléter	 le	
foie	en	cellule	de	Kupffer.	Cependant,	dans	ces	expériences	le	ciblage	extra-hépatique	n’est	
en	général	pas	abordé.	Nos	expériences	prouvent	que	ce	ciblage	était	loin	d’être	négligeable	
et	 devait	 être	 contrôlé	 pour	 éviter	 de	 cibler	 d’autres	 organes	 que	 le	 foie.	 Ces	 résultats	
préliminaires	 réalisés	 in	 vitro	 et	 in	 vivo	 démontrent	 la	 spécificité	 hépatique	 et	 l’inhibition	
possible	des	cibles	choisies.	Ce	sont	des	observations	très	prometteuses	pour	un	ciblage	des	
KC	dans	un	objectif	thérapeutique.		
Ces	 travaux	 ont	 été	menés	 en	 collaboration	 avec	 deux	 équipes	 de	 chimistes	 de	 la	
Faculté	de	Pharmacie	de	Chatenay-Malabry	et	ont	fait	l’objet	d’un	financement	par	le	LabEx	




que	 la	 bibliographie	 grandissante	 sur	 le	 rôle	 potentiellement	 délétère	 du	 fructose	 dans	 la	
NAFLD,	m’a	 dirigé	 vers	 des	 études	 sur	 l’impact	 du	 fructose.	 En	 effet,	 la	modification	 des	
habitudes	alimentaires	dans	les	pays	occidentaux	montre	une	augmentation	du	pourcentage	
de	fructose	dans	l'alimentation	passant	de	4	%	jusqu'à	12	%	des	calories	totales	(259).	Cette	












nos	 travaux	ont	montré	que	 le	profil	 des	KC	était	 nettement	moins	 activé	 chez	 ces	 souris	
HFD/F	comparé	aux	souris	HFD.	Contrairement	aux	résultats	que	 je	vous	ai	exposé	dans	 le	
premier	 article	 montrant	 que	 la	 KC	 des	 souris	 sous	 régime	 gras	 avaient	 un	 profil	
pro-inflammatoire,	 l’ajout	de	fructose	n’induit	pas	 les	mêmes	modifications	sur	 l’activation	
des	KC	et	ceci	malgré	une	infiltration	lymphocytaire	augmentée	dans	le	foie	en	présence	de	
fructose.	Ces	 résultats	nous	ont	 surpris	 et	donc	nous	avons	 voulu	nous	 concentrer	 sur	 les	
facteurs	 qui	 interviennent	 sur	 cette	 inactivation	 du	 profil	 des	 KC.	 Notre	 étude	 s’est	 alors	
dirigée	 vers	 le	MI,	 un	 facteur	 reliant	directement	 l’alimentation,	 le	 foie	et	 l’intestin	et	qui	
peut	 agir	 sur	 les	 KC.	 En	 effet,	 le	MI	 est	modifié	 chez	 les	 obèses	 avec	 une	 diminution	 des	
Bacteroidetes	 et	 une	 augmentation	 des	 Firmicutes	 (229).	 Il	 est	maintenant	 connu	 que	 les	
différents	 apports	 en	 nutriments	 riches	 en	 graisses	 et	 en	 carbohydrates	 participent	 à	 la	
modification	du	MI	(Chapitre	VI).	
	
Des	 études	 antérieures	 ont	 montré	 que	 l’ajout	 de	 fructose	 dans	 l’eau	 de	 boisson	
entraînait	 une	 stéatose	 et	 l’ajout	 d’antibiotique	 suffisait	 à	 réduire	 l’accumulation	 de	
triglycérides	 (262).	Ceci	souligne	 l’impact	possible	du	fructose	sur	 les	bactéries	du	MI	et	 le	
développement	 de	 la	 NAFLD.	 Comme	 le	 fructose	 peut	 être	 un	 substrat	 idéal	 pour	 les	
bactéries	contenues	dans	l’intestin,	j’ai	donc	regardé	l’impact	du	fructose	sur	le	MI	selon	les	
différents	 régimes.	 L’étude	 du	MI	 dans	 nos	 travaux	 a	montré	 que	 les	 souris	 nourries	 aux	
régimes	 contenant	 du	 fructose,	 aussi	 bien	 ND/F	 que	 HFD/F,	 présentaient	 comme	 seule	
différence	significative,	une	augmentation	des	Erysipelotrichi.		
En	 effet,	 le	 glucose	 et	 le	 fructose	 sont	 des	 substrats	 favorisant	 la	 croissance	 des	










dans	 l’inflammation	 hépatique	 au	 cours	 de	 la	 NAFLD	 en	 particulier	 parce	 que	 la	 KC	 est	
touchée	tout	comme	les	hépatocytes	par	des	dérégulations	du	métabolisme	des	lipides.		
De	 plus,	 l’étude	 de	 l’impact	 du	 fructose	 en	 présence	 ou	 non	 d’un	 régime	 gras	 a	
permis	 de	 confirmer	 l’importance	 du	 régime	 sur	 l’apparition	 d’une	 dysbiose	 intestinale.	
Cette	dysbiose	impacte	sur	les	KC	différemment	selon	les	populations	bactériennes	touchées.	
	
Ce	 travail	 aurait	 sans	 doute	mérité	 une	 analyse	 plus	 fournie	 en	 particulier	 par	 un	
séquençage	des	ADN	bactériens	permettant	une	analyse	plus	poussée	que	celles	réalisée	par	
une	analyse	en	FISH.	Afin	de	montrer	 la	 relation	entre	 le	MI	et	 le	profil	 inflammatoire	des	
macrophages	 hépatiques,	 des	 expériences	 réalisées	 in	 vitro	 ont	 été	 réalisées.	 Les	
surnageants	de	selles	de	nos	souris	des	différents	régimes	ont	été	mis	en	contact	avec	des	
macrophages	 en	 culture.	 Malheureusement,	 l’activation	 de	 macrophages	 par	 ces	
surnageants	 n’a	 pas	 montré	 de	 différences.	 Compte	 tenu	 de	 la	 complexité	 du	 MI,	 des	
cultures	 préalables	 de	bactéries	 permettant	 de	 scinder	 en	 sous-groupes	 ces	 prélèvements	
auraient	 sans	 doute	 permis	 d’obtenir	 des	 résultats	 plus	 concluants.	 Nous	 développons	































Pour	 cela,	 nous	 avons	 alcoolisé	 des	 souris	 sur	 deux	 sites	 géographiques	 différents	
avec	 la	 même	 méthodologie.	 Les	 paramètres	 physiopathologiques	 caractéristiques	 de	 la	
MAF	 ont	 été	 vérifiés	 notamment	 par	 le	 dosage	 des	 transaminases	 plasmatiques	 et	 des	
triglycérides	 hépatiques,	 la	 détermination	 d’un	 score	 de	 stéatose	 visible	 en	








présentaient	 des	 lésions	 hépatiques	 et	 intestinales	 alors	 que	 les	 souris	 résistantes	 n’en	
présentaient	pas.	Ces	lésions	chez	les	souris	sensibles	ont	été	corrélées	à	la	diminution	des	
Bacteroides,	 une	 population	 majeure	 du	 MI.	 Afin	 de	 déterminer	 si	 cette	 diminution	 des	










Afin	 d’analyser	 plus	 précisément	 les	 espèces	 bactériennes	 impliquées	 dans	 cette	
protection	face	aux	lésions	hépatiques	induites	par	l’alcool,	un	séquençage	à	haut	débit	du	
gène	 codant	 l'ARN	16S	 bactérien	 a	 été	 réalisé.	 Les	 analyses	 du	 séquençage	 16S	montrent	
que	 le	microbiote	des	souris	est	différent	en	fonction	de	 l’alcoolisation	mais	également	en	
fonction	 de	 la	 susceptibilité	 des	 souris	 face	 à	 la	 toxicité	 de	 l’alcool.	 Au	 niveau	 des	 phyla	
bactériens,	on	retrouve	une	diminution	des	Bacteroidetes	chez	les	souris	sensibles	à	l’alcool,	
ainsi	 qu’une	 augmentation	 des	 Proteobacteria.	 Lorsque	 les	 souris	 sont	 alcoolisées,	 on	
détecte	principalement	une	augmentation	des	Actinobacteria	chez	les	souris	sensibles.	Cette	
analyse	 a	 permis	 de	mettre	 en	 évidence	 l’efficacité	 des	 traitements	 FMT	 et	 pectine	 pour	
contrôler	le	MI	et	corriger	les	lésions	hépatiques.		
	
Ces	 résultats	 sont	 présentés	 dans	 l’article	 actuellement	 en	 préparation.	 Pour	








Ces	 travaux	 font	 l’objet	d’un	article	qui	est	en	cours	de	préparation.	 J’ai	participé	

































Background	 &	 Aims:	 Alcoholic	 liver	
disease	 (ALD)	 is	 a	 leading	 cause	 of	 liver	
failure	 and	mortality.	 It	 was	 showed	 that	
gut	microbiota	influence	the	development	
of	 liver	 injury.	 In	 human,	 acute	 alcoholic	
hepatitis	was	associated	with	key	changes	
of	 the	 intestinal	 microbiota	 (IM)	 which	
drives	 the	 individual	 sensitivity	 to	
advanced	 ALD.	 As	mice	 showed	 a	 similar	
sensitivity	 to	 alcohol,	 we	 studied	 IM	 and	
developed	treatments	to	reverse	dysbiosis	
and	prevent	ALD.	
Methods:	 Mice	 were	 alcoholized	 in	 two	
animal	facilities	with	a	Lieber	DeCarli	diet,	
added	 with	 ethanol	 or	 isocaloric	
maltodextrin.	 IM	 transfer	 were	 realised	
with	 fresh	 feces	 from	 alcohol-resistant	
donor	 mice.	 Alcohol-sensitive	 receiver	
mice	were	force-fed	3	times	a	week.	Mice	
receiving	 the	 pectin	 treatment	 were	
treated	during	all	the	alcohol	consumption	
period.	
Results:	 The	 alcohol	 sensitivity	 of	mice	 is	
dependant	 on	 the	 animal	 facility.	 In	
sensitive	 mice,	 ethanol	 induced	 steatosis	
and	 liver	 inflammation.	 Conversely,	
alcohol-resistant	 mice	 did	 not	 develop	
liver	 lesions.	 IM	 analysis	 showed	 that	
Bacteroides	were	specifically	decreased	in	
alcohol	 sensitive	 mice.	 Restoring	 this	
population	 with	 a	 fecal	 microbiota	
transfer	from	alcohol	resistant	mice,	or	via	
feeding	 mice	 with	 pectin,	 a	 prebiotic	
increasing	 Bacteroides	 growth,	 allowed	
the	 inhibition	 of	 liver	 injury	 in	 alcohol	
sensitive	 mice.	 A	 deep	 analysis	 of	 IM	
confirmed	 that	 Bacteroides	 were	
decreased	 in	 alcohol-sensitive	 mice.	
Moreover,	 fecal	 microbiota	 transfert	
restored	 a	 microbiota	 very	 close	 of	 the	
donor	resistant	mice.	
Conclusions:	 As	 in	 human,	 alcohol-
induced	 liver	 disease	 is	 driven	 by	 IM.	
Controlling	 IM	 by	 fecal	 microbiota	
transfert	 or	 a	 prebiotic	 treatment	 is	
efficient	to	prevent	ALD.	
	










ALD:	 Alcohol	 liver	 diseases,	 IM:	 Intestinal	
microbiota,	 FISH-FCM:	 Fluorescent	 in	 Situ	
Hybridization	combined	with	Flow	Cytometry,	Alc:	
Alcoholized,	 Ctrl:	 control,	 TG:	 Triglycerides,	 ALT:	
Alanine	 Transferase,	 FMT:	 Fecal	 microbiota	
transfer,	 LDC:	 Lieber	 DeCarli	 diet,	 OTU	:	






Chronic	 alcohol	 consumption	 is	 the	
major	 etiological	 factor	 of	 chronic	 liver	
disease	 in	 the	world.	Despite	 this	major	
public	 health	 concern,	 factors	 that	 link	
ethanol	 intake	 to	 the	 onset	 and	
progression	 of	 liver	 injury	 are	 poorly	
deciphered.	 In	 fact,	 among	 long-term	
heavy	 drinkers,	 the	majority	 of	 patients	
will	develop	fatty	liver	(i.e.	steatosis)	but	
only	 10-35%	 liver	 inflammation	 (i.e.	
hepatitis)	 and	 8-20	 %	 will	 progress	 to	
cirrhosis	 (1).	 Therefore,	 important	
factors	 other	 than	 the	 only	 quantity	 of	
alcohol	 intake	 influence	 the	 onset	 and	
progression	 of	 alcoholic	 liver	 disease	
(ALD).	 Among	 these	 factors,	 it	 is	 now	
admitted	that	gut	bacteria	play	a	role	 in	
the	 pathogenesis	 of	 ALD	 (2).	 Currently,	
human	 intestinal	 microbiota	 (IM)	
encompasses	 10	 100	 trillion	
microorganisms	 and	 harbors	 more	 than	
1000	different	 bacterial	 species	 opening	
a	 vast	 field	 of	 potential	 targets	 and	
molecular	technics	allowed	to	investigate	
this	 bacterial	 diversity	 (3).	 IM	 plays	 an	
important	role	in	the	maintenance	of	the	
intestinal	 barrier:	 on	 one	 hand	 by	
preventing	 colonization	 by	 pathogen	
bacteria	 (4)	 and	 on	 the	 other	 hand	 by	
cooperating	 with	 the	 intestinal	
epithelium	to	produce	mucin	(2		5,	6).		It	
is	well	established	that	the	gut	 leakiness	
is	 associated	 with	 ALD	 (7-9)	 and	 more	
recent	data	could	suggest	 that	 intestinal	
barrier	 disruption	 is	 a	 prerequisite	 to	
liver	 injury	 in	 ALD	 (10,	 11).	 If	 the	 liver	
metabolizes	 80%	 of	 total	 ethanol,	 the	
role	 of	 IM	 in	 the	 ethanol	metabolism	 is	
not	 clear.	 However	 several	 bacteria	
harbour	 an	 alcohol	 deshydrogenase	
activity	 and	 metabolize	 ethanol,	
producing	 acetaldehyde	 (12).	 Alcohol	
intake	 leads	 to	 dysbiosis	 in	 humans	 and	
also	 in	 animals	 (13-18).	 In	 adult	 human	
cohort,	 dysbiosis	 was	 modified	 by	 oral	
supplementation	 with	 probiotics	 and	
associated	 with	 restoration	 of	 IM	 and	
function	of	several	hepatic	enzymes	(13).	
Dysbiosis	 was	 specifically	 addressed	 in	
cirrhotic	 patients	 and	 authors	
established	 a	 “cirrhosis	 dysbiosis	 ratio”	
associated	 with	 cirrhosis	 progression	
(19).	Moreover,	a	very	recent	publication	
showed	 that	 cirrhosis	 was	 associated	
with	 alterations	 of	 the	 human	 gut	
microbiome	 highlighting	 15	
discriminating	 microbial	 genes	 (20).	
Recently,	 it	 has	 been	 shown	 that,	




Altogether	 these	 data	 show	 that	 the	
IM	is	modified	by	alcohol	and	drives	the	
development	 of	 ALD.	 It	 also	 exists	 an	
alcohol	 sensitivity	 in	 mice.	 In	 rodents,	
dysbiosis	 was	 associated	 with	 alcohol	
intake	 and	 some	 studies	 showed	 an	
improvement	of	liver	injury	by	prebiotics	
or	probiotics	(17,	21,	22).	
It	 has	 been	 previously	 established	
that	 breeding	 facilities	 could	 influence	
IM	 composition	 (23)	 and	 we	 showed	
that,	 as	 in	 human,	 it	 exists	 a	
susceptibility	of	mice	to	develop	alcohol-
induced	 liver	 lesions.	 We	 aimed	 at	
studying	 IM	 associated	 with	 alcohol-
induced	 liver	 lesions	 in	 mice.	 Then,	 we	
established	 that	 controlling	 IM	 by	 fecal	
microbiota	 transfer	 or	 prebiotic	 use	





Female	 C57BL/6J	 were	 purchased	 from	
Janvier	 laboratory	 (Le	 Genest,	 France).	
The	 procedure	 for	 housing	 and	
alcoholized	 mice	 and	 IM	 transplant	 are	
described	 in	 the	 supplemental	 section.	
Tissues	 and	 samples	 prelevements	 are	
detailed	 in	 supplemental	 section.	 All	 of	
the	 animal	 experimental	 procedures	
Ferrere	et	al		
Dysbiosis	prevents	alcoholic	liver	damage,	En	préparation	-	3	
were	 validated	 by	 the	 local	 ethical	
committee	CEEA26.	
	
Measurement	 of	 liver	 triglycerides	 and	
transaminases.	 Portions	 of	 frozen	 liver	
were	 used	 to	 quantify	 liver	 triglycerides	
and	 transaminases	 were	 measured	 in	
serum	 as	 reported	 in	 supplemntal	
section.		
	
Liver	 and	 gut	 histology.	 Liver	 and	 gut	
(ileum,	colon)	were	fixed	overnight	in	4%	
paraformaldehyde	 and	 then	 embedded	
in	paraffin.	Hematoxylin	and	Eosin	(H&E)	
staining	 and	 immunohistochemical	




RNA	 extraction	 and	 quantification.	 All	
tissues	 were	 homogenized	 in	 Qiazol	
(Qiagen)	 and	 extracted.	 RNA	 integrity	
was	 determined	 and	 q-PCR	 reactions	
were	 performed	 on	 a	 Light	 Cycler	 480	
(Roche	Diagnostics).	Details	are	reported	
in	 supplemental	 section.	 Primer	




species	 composition	 of	 feces	 samples	
were	determined	by	Fluorescence	in	Situ	
Hybridization	 combined	 with	 Flow	
Cytometry	 (FISH-FCM)	 for	 experiments	
showed	 in	Fig.	2A	and	2C,	 supplemental	
Fig.	 2,	 3	 and	 4.	 All	 others	 results	
concerning	 microbiota	 analysis	 were	
performed	 by	 identification	 of	 bacterial	
species	 by	 sequencing	 and	 are	 carefully	
described	in	supplemental	section.		
	
Statistical	 analyses.	 Results	 are	
represented	 as	 mean±SEM.	 Statistical	
analysis	 were	 performed	 by	 Mann-
Whitney	 and	 Kruskal-Wallis	 tests	





Liver	 alcoholic	 damages	 were	 different	
in	the	two	animal	facilities.		
We	 alcoholized	 mice	 using	 the	
Lieber-DeCarli	 diet	 in	 two	 animal	
facilities.	Mice	were	 protected	 from	 the	
development	 of	 alcohol-induced	 liver	
lesions	in	one	husbrandy	and	are	defined	
as	 alcohol-resistant	 mice.	 Conversely,	
alcoholized	 mice	 which	 showed	 liver	
lesions	 are	 named	 alcohol-sensitive	
mice.	 Mice	 were	 progressively	 adapted	
to	the	ethanol	diet	over	one	week,	then	
chronically	 fed	ethanol	diet	 for	 ten	days	
(Fig.	 1A).	 iet	 consumption	 was	 slightly	
higher	 in	 the	 group	 of	 alcohol-resistant	
mice	 compared	 to	 the	 control-resistant	
mice	 (Fig.	 1B).	 This	 increase	 was	
observed	 before	 alcohol	 was	 added	 in	
the	 diet	 (day	 14)	 and	 without	 any	
difference	of	body	weight	(Supplemental	
Fig.	1A).	This	higher	consumption	of	diet	
was	 not	 maintain	 after	 the	 addition	 of	
alcohol	 in	the	diet.	Similarly,	we	noticed	
a	slightly	higher	diet	consumption	in	the	
control-sensitive	 mice	 compared	 to	 the	
alcohol-sensitive	mice	 at	 day	 d21	which	
was	not	observed	 later.	The	weight	gain	
of	 mice	 was	 not	 significantly	 different	
during	 alcohol	 adaptation	 but	
alcoholized	 mice	 lost	 weight	 compared	
to	 the	 control	 mice	 at	 the	 end	 of	 the	
alcohol	 diet,	 despite	 consuming	 similar	
amounts	of	diets	(Supplemental	Fig.	1A).	
There	 were	 no	 differences	 in	 liver	
weights,	 however	 hepatic	 lesions	
induced	 by	 alcoholization	 in	 the	 two	
animal	 facilities	 were	 clearly	 different	
(Supplemental	 Fig.	 1B).	 A	 significant	
steatosis	 was	 detected	 in	 alcohol-















(Supplemental	 Fig.	 1C	 and	 D).	 This	
steatosis	 was	 associated	 to	 a	 significant	
increase	of	ALT	(Fig.	1D).		
Alcoholization	 induced	 liver	
inflammation	 compared	 to	 control	
groups	 as	 shown	 by	 the	 significant	
increase	of	inflammatory	markers	(TNFα,	
IL1b,	 CCL2)	 (Fig.	 1E).	 IL6	 and	 TGFb	
showed	 increase	 tendancy	 but	 IL10	was	
not	 significantly	 modified.	 These	 results	
highlighted	 that	 other	 factors	 than	
alcohol	 are	 involved	 in	 the	 onset	 of	
hepatic	lesions	during	alcoholization.		
	
Liver	 damages	 due	 to	 alcoholization	
were	 correlated	 to	 high	 level	 of	
Bacteroides.	 lthough	 there	 were	 no	
differences	 in	 alcohol	 diet	 consumption	
and	 the	 health	 report	 between	 the	 two	
animal	 facilities,	 we	 hypothetized	 that	
intestinal	microbiota	could	be	involved	in	
alcohol-induced	 liver	 lesions.	 The	 IM	
composition	 before	 alcoholization	 was	
similar	 in	 all	 groups	 of	 mice	
(Supplemental	 Fig.	 2A).	 Alcohol	
consumption	 induced	 a	 significant	
decrease	 of	 Clostridium	 coccoides	 and	
leptum	 and	 Enterobacteria	
independantly	 of	 the	 husbrandy	
(Supplemental	Fig.3	A	and	B).		
	












































































B D C 
A 
Animal facility adaptation  Semi liquid diet adaptation Alcohol or maltodextrin  diet adaptation Alcohol diet 5% 
D0 D7 D14 D29 D21 
Feces T0 
Adaptation Alcohol 














the	 animal	 facilities	 with	 a	 decrease	
tendancy	in	the	other	one.	Only	one	class	
of	 bacteria,	 Erysipelotrichi	 were	
significantly	 increased	 by	 alcohol	 diet	 in	
alcohol-resistant	 mice.	 Except	 for	
Erysipelotrichi,	 alcohol	 induced	 similar	
evolution	 of	 IM	 independantly	 of	 the	
husbrandy.	We	analyzed	IM	regardless	of	
alcohol	 consumption	 rather	 than	
differences	 between	 animal	 facilities.	
Interestingly,	 we	 found	 that	 alcohol-
sensitive	mice	showed	a	systematic	50%	
decreased	 of	 Bacteroides,	 whatever	 the	
treatment,	 control	 or	 alcohol	 (Fig.	 2A	
and	Supplemental	Fig.	2B).	
Correction	 of	 dysbiosis	 by	 fecal	
microbiota	 transfer	 or	 prebiotics	
restores	 IM	 To	 demonstrate	 that	 the	
dysbiosis	 participates	 to	 the	 alcohol-
induced	 liver	 lesions,	 we	 performed	 a	
fecal	microbiota	transfer	(FMT)	from	the	
alcohol-resistant	 mice	 to	 alcohol-
sensitive	 mice.	 Furthermore,	 since	
Bacteroides	 were	 particularly	 decreased	
in	 alcohol-sensitive	 mice,	 we	 treated	
mice	 with	 pectin,	 a	 prebiotic	 increasing	
Bacteroides	 growth	 in	 intestinal	
microbiota	 (26).	 Recent	 publications	
described	the	relevance	of	fecal	transfer	
to	 treat	 insulin	 sensitivity	 in	 human	and	
infections	 in	mice	 (27,28).	However,	 the	
described	 protocols	 included	 a	 partial	
depletion	of	 IM	by	antibiotics	 treatment	
or	a	polyethyleneglycol	treatment.	It	has	
been	 largely	 proved	 by	 us	 and	 others	
that	 antibiotics	 improve	 hepatic	 lesions	
during	non	alcoholic	hepatitis	(29).	Then,	
to	avoid	any	impact	on	the	development	
of	 liver	 lesions	 during	 a	 later	 alcohol	
consumption,	 neither	 antibiotics	
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Figure	 2:	 Low	 level	 of	 Bacteroides	
restored	 by	 fecal	 microbial	 transfer	 or	
pectin	 treatment.	 (A)	 Relative	 abundance	
of	bacteria	after	 alcohol	diet	 in	 resistant	 and	
sensitive	mice	determined	by	FISH	analysis,	*:	
p<0.05.	 Alc	 res	 n=11;	 Alc	 sens	 n=10.	 (B)	
Ethanol	 diet	 timeline	 is	 identical	 to	 figure	 1,	
the	 pectin	 group	 received	6.5%	pectin	added	
to	 the	diet	 from	day	 7	 until	 the	sacrifice,	 the	
fecal	 microbiota	 transfer	 (FMT)	 group	 was	
force-fed	with	fresh	feces	three	times	a	week	
from	 d7,	 (C)	 Efficiency	 of	 the	 FMT	 and	 the	
pectin	treatment	onto	the	level	of	Bacteroides	
in	 control	 or	 alcohol	 reistant	 and	 sensitive	
mice.	 *,°:	 p<0.05,	 °°:	 p<0.005,	 ***,	p<0.0001.	
*Ctrl	res	vs	Alc	res,	°Ctrl	sens	vs	Alc	sens.	Ctrl	
res	n=5;	Alc	 res	n=16;	Ctrl	 sens	n=9;	Alc	 sens	





treatment	 were	 performed.	 The	 fecal	
transfer	began	one	week	before	 alcohol	
(Fig.	2B).	Recipient	alcohol-sensitive	mice	
were	 force-fed	 three	 times	 a	week	with	
fresh	feces	of	donor	resistant	mice,	until	
the	 end	 of	 the	 experiment.	 The	 FMT	
efficiency	 was	 checked	 by	 analysing	 IM	
at	 the	 end	 of	 the	 protocol.	 The	 FMT	
allowed	 to	 restore	 Bacteroides	
proportions	 in	 the	 faeces	 (Fig.	 2C).	
Interestingly,	 we	 observed	 that	 the	
difference	 in	 relative	 amounts	 of	
bacterial	 groups	 between	 resistant	 and	
sensitive	 mice	 was	 totally	 restored	
especially	 in	 alcohol	 groups	
(Supplemental	Fig.4A).	In	control	groups	
of	 mice,	 the	 FMT	 was	 not	 sufficient	 to	








Similarly	 to	 the	 FMT,	 we	 treated	
mice	with	pectin	before	the	beginning	of	
the	 alcohol	 consumption.	 Pectin	 was	
directly	added	 to	 the	Lieber-DeCarli	diet	
in	the	pectin	treated	groups	until	the	end	
of	 the	 protocol.	 The	 pectin	 treatment	
induced	 a	 large	 increase	 of	 Bacteroides	
which	 were	 four	 fold	 increased	 in	 the	
control	 group	 and	 two	 fold	 increased	 in	
the	alcoholized	group	compared	to	their	
respective	 group	 (Fig.2	 C	 and	
Supplemental	 Fig.	 4B).	 MIB	 and	
Erysipelotrichi	 were	 decreased	 by	 the	
pectin	treatment	 in	the	control	group	of	
mice	 (Supplemental	 Fig.	 4B).	
Enterobacteria	 were	 decreased	 in	 the	
alcoholized	 group	 of	 mice.	 Altogether,	
the	 FMT	 and	 pectin	 treatment	 were	

















































































































Maintaining	 a	 high	 level	 of	Bacteroides	
prevent	 the	 development	 of	 liver	
alcoholic	lesions.		
As	 shown	 in	 the	 previous	
experiment	 (Fig.	 1B),	 the	 diet	
consumption	 was	 mainly	 similar	 in	 the	
different	 group	 of	 mice.	 However,	 we	
noticed	 a	 slightly	 significant	 higher	
consumption	 of	 control	 diet	 in	 sensitive	
and	 resistant	 mice	 which	 not	 observed	
throughout	 the	 time	 of	 the	 experiment	
(Fig.	 3A).	 Mice	 body	 weight	 were	




diet	 induced	 diarrhea	 in	 pectin	 treated	
mice	 which	 could	 explain	 their	 lower	
weight.	 However,	 weight	 differences	
were	 similar	 those	 observed	 in	 the	
alcohol	versus	the	control	group	of	mice	
as	described	in	our	previous	experiments	
(Fig.1).	 We	 could	 notice	 a	 lower	 liver	
weight	 in	 pectin	 treated	 mice	
(Supplemental	Fig.	5B).		
	
Figure	 4:	 Mucin	 and	 tight	 junctions	 alterations	 in	
resistant,	 sensitive	 and	 treated	 mice.	 (A)	
Representative	pictures	and	graphs	showing	counts	of	
goblet	 cells	 staining	 with	 muc-2,	 (B)	 and	 semi	
quantitative	scoring.	
	
The	 TG	 quantification	 showed	
that	 the	 FMT	 or	 pectin	 treatment	 were	
sufficient	to	prevent	the	steatosis	as	also	
showed	 by	 liver	 histology	 (Fig.	 3B	 and	
Supplemental	 Fig.	 5C).	 The	 FMT	 or	
pectin	 treatment	 restored	 the	
transaminase	 level	 of	 alcohol-sensitive	
mice	 (Fig.	 3C).	 Alcohol-induced	 liver	
inflammation	as	shown	by	the	significant	
increase	 in	 inflammatory	 markers	 (TNF,	
IL1b,	 CCL2,	 TGFb)	 with	 IL6	 showing	 an	
increase	 tendancy	 and	 IL10	 a	 decrease	
tendancy	 (Fig.	 3D)	 as	 previously	 shown	
(Fig.	 1E).	 FMT	 and	 pectin	 treatments	




Alcohol	 consumption	 induced	 mucin	
and	tight	junctions	alterations	improved	
by	the	correction	of	dysbiosis.	
Analysis	 of	 structural	 gut	
epithelium	 shown	 no	 obvious	
ultrastructural	 changes	 in	 the	 intestinal	
mucosa	 after	 ten	 days	 of	 alcohol	
consumption	 (data	 not	 shown).	 As	
Bacteroides	 modulate	 the	 intestinal	
mucus	barrier	we	analyzed	the	impact	of	
alcohol	 on	 colon	mucin	 production.	 The	
mucin	 production	 was	 significantly	
decreased	 in	 the	 alcohol-sensitive	 mice	
(Fig.	 4A	 and	 B).	 The	 FMT	 and	 pectin	




associated	 with	 alcohol-sensitive	 or	
alcohol-resistant	mice.		
To	 go	 further	 in	 the	 identification	 of	
bacterial	species	associated	with	alcohol-
resistant	 mice,	 we	 performed	 deep	
sequencing	analysis	of	16S	rRNA.		
Gut	 microbiota	 composition	 was	
compared	 between	 alcohol-resistant	
mice	and	alcohol-sensitive	mice	fed	with	
a	 control	 or	 an	 alcohol	 diet.	 Principal	
coordinate	 analysis	 (PCoA)	 of	 weighted	
and	unweighted	UniFrac	distances	based	
on	 operational	 taxonomic	 units	 (OTUs)	
onfirmed	 that	mice	 clustered	differently	
based	on	their	animal	facilities	and	their	






























control	 or	 alcohol	 diet	 (Fig.	 5A	 and	
Supplemental	Fig.	6A).		
The	weighted	Unifrac	metric	is	weighted	
by	 the	 difference	 in	 probability	mass	 of	
OTUs	 from	 each	 community	 for	 each	
branch,	 whereas	 unweighted	 Unifrac	
only	 considers	 the	 absence/presence	 of	
the	 OTUs	 giving	 different	 informations.	
Cluster	 analysis	 demonstrated	 that	 the	
first	 coordinate	 PC1	 (13.68%	 weighted	
and	 15.28%	 unweighted)	 distinguished	
mice	 based	 on	 the	 diet,	 whilst	 the	
second	coordinate	PC2	 (7.35%	weighted	
and	 59.58%	 unweighted)	 differentiated	




the	 diversity	 of	 bacterial	 species	 in	 a	
same	 group,	 were	 not	 different	
(Supplemental	 Fig.	 6B).	 Identification	of	
specific	 bacteria	 associated	 with	 the	
protection	 or	 conversely	 with	 the	
sensitivity	 to	 develop	 alcohol-induced	
liver	 lesions	 was	 adressed.	 Analysis	 of	
phyla	 showed	 significant	 decrease	 of	
Bacteroidetes	 in	 sensitive	 mice	 (Fig.	 5B	
and	 C),	 confirming	 preliminary	 data	
obtained	 by	 FISH	 analysis	 (Fig.	 2A)	 and	
conversely	an	 increase	 in	Proteobacteria	
and	Actinobacteria.	We	next	determined	
if	 FMT	 and	 pectin	 treatments	 reversed	
the	 dysbiosis	 observed	 in	 alcohol-
sensitive	 mice.	 PCoA	 anaysis	 showed	
that	 FMT	 was	 successfull	 since	 treated	
mice	 clustered	 with	 resistant	 mice	 in	
both	 groups,	 alcohol	 and	 control	 mice	
proving	 that	 the	 FMT	 was	 sufficient	 to	
control	the	dysbiosis	(Fig.	5D).	The	pectin	
treatment	 showed	 that	 pectin	 has	 a	
major	 effect	 which	 was	 dominant	
compared	to	the	effect	of	alcohol.		
Moreover,	 if	 the	 alpha-diversity	
was	 not	 modified	 by	 the	 FMT,	 pectin	
induced	 a	 dramatic	 decrease	 in	 the	
Figure	 5:	 Bacterial	 16S	 rRNA-based	 analysis	 of	 the	 fecal	 microbiota	 of	 alcohol	 sensitive	 and	 resistant	 mice.	 (A)	
Unweighted	unifrac	coords	2D	principal	coordinate	analysis	(PCoA)	performed	in	resistant	and	sensitive	mice	fed	LDC	control	or	LDC-
alcohol,	Axis	1,	percent	variation	explained	13.68	%	and	axis	2,	percent	variation	explained	7.35	%.	Each	mice	group	is	represented	by	













































































diversity	 of	 bacterial	 species	
(Supplemental	 Fig.	 6B).	 Biplot	
representation	is	suitable	to	identify	taxa	
that	 drive	 the	 differentiation	 between	
groups	 of	 microbial	 communities	 (Fig.	
5E).	 The	 pectin	 treatment	 was	
specifically	 associated	 with	 high	





or	 the	 protection	 against	 alcohol-liver	
injury	 suggesting	 that	 some	 specific	
species	 of	 Bacteroides	 which	 problably	
involved.	 However,	 Paraprevotellaceae	
and	 S24-7	 families	 were	 more	
represented	in	FMT	protected	mice	than	
in	 sensitive	 mice.	 At	 the	 genus	 level,	
similar	 data	 were	 observed	
(Supplemental	Fig.	6C).	
Figures	 concerning	 the	
identification	 of	 specific	 OTUs	 based	 on	
the	 correlation	 of	 the	 OTU-ID	 and	 the	
database	 Greegene	 are	 currently	
performing.	However,	 if	we	could	assign	
a	 specie	 onto	 this	 ID	 number,	 this	
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Mice.	 Female	 C57BL/6J	 were	 purchased	
from	 Janvier	 laboratory	 (Le	 Genest,	
France).	 Animals	 were	 kept	 in	 humidity	
and	 temperature-controlled	 rooms,	 and	
kept	 on	 a	 12-hour	light-dark	 cycle	 in	 2	
separate	 animal	 facilities	 Resistant	mice	
(res)	 were	 in	 one	 animal	 facility	 whilst	
sensitive	 mice	 (sens)	 in	 the	 other	 one.	
Mice	had	access	to	chow	diet	and	water	
ad	 libitum	 before	 the	 study,	 in	 the	 2	
animal	 facilities.	 During	 the	 protocol	 of	
alcoholization	 water	 was	 added	 to	 the	
semi-liquid	 Lieber	DeCarli	 diet.	 To	 avoid	
any	 stress	 to	 mice,	 a	 piece	 of	 wood	 is	
given	to	the	mice	so	they	can	gnaw	on	it.		
	
Chronic	 exposure	 to	 ethanol.	 Eight-week	
old	 mice	 were	 fed	 for	 21	 days	 with	 a	
liquid	 diet	 adapted	 from	 Lieber	 DeCarli,	
as	described	by	Gustot	and	al.	 1	 ,	Ki	and	
al.	 2	 and	 based	 on	 the	 NIAAA	 model	 3.	
Briefly,	the	ethanol	diet	was	obtained	by	
adding	absolute	ethanol	 to	a	solution	of	
a	 Lieber	 DeCarli	 powder	 (ssniff,	
Spezialdiäten	GmbH,	Soest,	Germany)	 in	
filtered	 water.	 After	 a	 7-day	 adaptation	
to	 the	 animal	 facility	 and	 a	 7-day	
adaptation	 to	 the	 semi-liquid	 diet,	mice	
were	 given	 increasing	 ethanol	
concentrations	 for	 7	 days	 (1%	 increase	
every	two	days).	The	final	concentration	
of	 ethanol	 in	 this	 liquid	 diet	 was	 5%	
(vol/vol),	 such	 that	 ethanol	 accounted	
for	 28%	 of	 the	 total	 caloric	 intake.	 The	
control	 diet	 was	 obtained	 by	 replacing	
the	 ethanol	 by	 an	 isocaloric	 amount	 of	
maltodextrin	(Maldex	150,	safe,	France).	
Alcoholized	 groups	 were	 allowed	 free	
access	 to	 the	 5%	 (vol/vol)	 ethanol	 diet	
for	 7	 days.	 Control	 mice	 were	 pair-fed	
with	 the	 isocaloric	 control	 diet	
throughout	the	entire	feeding	period.	
During	 the	 Lieber	 DeCarli	 diet,	 animals	
did	not	have	access	 to	drinking	water.	3	
independent	 experiments	 were	
performed	 with	 different	 number	 of	
animals	 but	 same	 treatments,	 in	 2	
different	 animal	 facilities.	 Microbiota	
transfer	was	realized	by	feces	gavage	by	
adapting	protocol	previously	described	4.	
Feces,	 coming	 from	 20	 resistant	 mice,	
were	recovered,	resuspended	in	transfer	
buffer	 (Dulbecco’s	 phosphate	 buffered	
saline	 solution,	 Gibco,	 Saint-aubin,	
France)	 and	 a	 100	 µl	 volume	 containing	
3.33	 mg	 of	 feces	 was	 administered	 to	
each	 sensitive	mouse	once	every	2	days	
for	21	days.	An	alternative	Lieber	DeCarli	
diet	 containing	 6.5%	 pectin	 from	 apple	
(Sigma,	 Saint	 Quentin	 Fallavier,	 France)	
was	 given	 to	 mice	 in	 animal	 facility	 B.	
Body	 weight	 was	 measured	 weekly	 for	
each	 experiment	 and	 food	 intake	 once	
every	2	days.		
	
Tissues	 ans	 samples.	 Mice	 were	
anesthetized	 and	 blood	 samples	 were	
collected	 in	 EDTA	 coated	 tubes.	 Then,	
the	livers	were	perfused	inversely	to	the	
normal	flux	with	PBS/EDTA	(5	mM).	After	
removing	 blood,	 livers	 were	 excised,	
weighed	 and	 either	 fixed	 in	 buffered	
formaldehyde	 or	 snap-frozen	 in	 liquid	
nitrogen	 for	TG	and	RNA	extractions.	All	
samples	 were	 stored	 at	 -80°C	 until	 use.	
The	 serum	 was	 use	 for	 liver	 alanine	
aminotransferase	 (ALT)	 determination	
(Olympus,	 AU400).	 Proximal	 ileum	 and	
colon	were	cut	 in	 two	pieces,	one	piece	
was	 fixed	 in	buffered	 formaldehyde	and	





two	different	 animal	 facilities,	 four	 days	
after	 mice	 reception	 and	 immediately	
before	 euthanasia,	 and	 fixed	 as	
previously	described	5.	
	
Measurement	 of	 liver	 triglycerides.	
Portions	 of	 frozen	 liver	 from	mice	were	
homogenized	 in	 chloroform-methanol	
(2	:1)	 in	order	 to	extract	 total	 lipids	 and	
triglycerides	 (TGs)	 were	 separated	 by	
thin	 layer	 chromatography.	 TGs	 were	
extracted	 from	 the	 silica	 plate	 with	
acetone,	 measured	 with	 a	 colorimetric	
diagnostic	 kit	 (Triglycerides	 FS;	 Diasys)	
and	expressed	 in	mg	of	 triglycerides	per	
milligram	 of	 liver.	 Liver	 alanine	
aminotransferase	 (ALT)	activity	 in	 serum	
was	 assayed	 by	 a	 spectrophotometric	
method	(Olympus,	AU400).	
	
Liver	 and	 gut	 histology.	 Liver	 and	 gut	
(ileum,	colon)	were	fixed	overnight	in	4%	




was	 done	 with	 paraffin	 sections	 using	
Abs	against	:	Mucin	2	(H-300)	(SC-15334,	
Santa	Cruz	Biotechnology,	Tébu-bio	SAS,	
France).	 The	 sections	 were	 washed	 and	




France).	 Sections	 were	 then	
counterstained	 with	 hematoxylin.	
Negative	 controls	 involved	 following	 the	
same	 procedure	 with	 omission	 of	 the	
primary	Ab.	 Images	were	obtained	using	
a	 Leica	 DMLA	 microscope	 (Leica	
Microsystems)	 equipped	 with	 Fluotar	
optic	 objectives,	 at	 the	 indicated	
magnification,	and	were	digitized	directly	
with	 a	 Leica	 camera	 DFC	 450C	 and	 kit	
software.		
Liver	 steatosis	 was	 assessed	 semi-
quantitatively	into	five	grades:	none	=	0;	
mild	 =	 1	 (1%	 to	 5%	 of	 hepatocytes);	
moderate	 =	 2	 (6%	 to	 32%);	marked	 =	 3	
(33%	 to	 66%);	 and	 severe	 =	 4	 (67%	 to	
100%).	 Goblets	 cells	 producing	 mucin	




were	 disrupted	 in	 Qiazol	 solution.	 Total	
RNA	 was	 extracted	 using	 a	 Qiagen	
RNeasy	 Lipid	 tissue	 minikit	 (Qiagen,	
Valencia,	 Canada).	 RNA	 integrity	 was	
determined	with	 the	Agilent	bioanalyzer	
2100	 system	 with	 the	 RNA	 6000	 Nano	
Labchip	 kit.	 Samples	 with	 an	 RNA	
integrity	 inferior	 to	 8	 were	 eliminated.	
For	 cDNA	 synthesis,	 1	 µg	 of	 each	 total	
RNA	 sample	 was	 reverse	 transcribed.	 A	
12	 µl	 mix	 containing	 1	 µg	 of	 RNA,	
random	 hexamers	 (Roche	 Diagnostics,	
Meylan,	 France),	 and	 10	mM	 dNTP	Mix	
(Invitrogen,	 Carslbad,	 CA)	 was	 prepared	




Buffer	 (Invitrogen),	 2	 µl	 of	 0.1	 M	
dithiothreitol	 (Invitrogen),	 and	 1	 µl	 of	
Protector	 RNase	 Inhibitor	 (40	 U⁄µl;	
Invitrogen)	 was	 added.	 The	 reaction	





Light	 Cycler	 480	 (Roche	 Diagnostics)	
using	 the	LC	FastStart	DNA	Master	SYBR	
Green	 I	 kit	 (Roche	 Diagnostics).	
Amplification	 was	 initiated	 with	 an	
enzyme	 activation	 step	 at	 95°C	 for	 10	
minutes,	followed	by	40	cycles	consisting	
of	 20	 seconds	 of	 denaturation	 at	 95°C,	
15	 seconds	 of	 annealing	 at	 the	




72°C.	 We	 amplified	 the	 cDNAs	 for	 18S,	
TNF-α,	IL-6,	IL-10,	TGF-β,	IL-1β	and	CCL-2	
(Supplemental	 Table	 2).	 Primer	
sequences	are	listed	in	the	supplemental	
Table	2.	Data	were	analyzed	using	LC	480	
Software	 (Roche	 Diagnostics).	 The	
relative	 genes	 expression	 were	
normalized	to	the	18S	reference	gene.	
	
Analysis	 of	 the	 gut	 microbiota	 by	 FISH.	
Microbiota	composition	was	analyzed	by	
Fluorescent	 in	 Situ	 Hybridization	
combined	 with	 Flow	 Cytometry	 (FISH-
FCM).	A	 set	 of	 9	 probes	 targeting	
bacterial	 16S	 rRNA	were	 used	 to	 assess	





Bifidobacterium,	 and	 Mouse	 Intestinal	
Bacteria.	Fluorescent	in	situ	hybridization	
combined	 with	 flow	 cytometry	 was	
performed	as	described	previously		6.		
	
Analysis	 of	 the	 gut	 microbiota	 by	 16s	
Ribosomal	 RNA	 sequencing.	 Microbiota	
composition	was	analyzed	using	illumina	
MiSeq	 	 technology	 targeting	 the	 16S	
ribosomal	 DNA	 V3-V4	 region	 in	 paired-
end	 modus	 (2	 x	 300	 base	 pair)	
(GenoToul,	 Toulouse).	 Bacterial	 DNA	
were	 obtained	 by	 homogenization	 of	
stools	 by	 using	 a	 Guanidinium	
thiocyanate	 containing	 lysis	 buffer	 in	 a	
Fast	Prep	homogenizer.	Successive	steps	
of	purification	and	precipitation	by	using	
“Laboratory-made”	 buffers	 allow	 to	
extract	bacterial	DNA	with	a	high	quality.	
PCR	 were	 performed	 to	 prepare	
amplicons	 by	 using	 V3-V4	
oligonucleotides	 (V3fwd:	 5’	
TACGGRAGGCAGCAG	 3’,	 V4rev:	 5’	
GGACTACCAGGGTATCTAAT	 3’).	 The	
quality	of	amplicons	were	checked	by	gel	
electrophoresis	 migration	 and	 send	 to	
the	GenoToul	plateform	for	sequencing.		
The	 resulting	 paired	 reads	 were	
assembled	 using	 PANDAseq	 v	 2.7	 to	
generate	 an	 amplicon	 size	 of	 450	 base	
pairs7.	Sequences	were	processed	by	the	
quantitative	 insights	 into	 microbial	
ecology	 (QIIME	 v1.9.0)	 pipeline	 using	




by	 the	 quantitative	 insights	 into	
microbial	ecology	(QIIME	v1.9.0)	pipeline	
using	 the	 default	 parameters	 of	QIIME8.	
Chimeric	 sequences	 were	 identified	 de	
novo	 and	 reference	 based	 and	 then	
removed	 using	 usearch619.	 The	 non-
chimeric	 sequences	were	 then	clustered	
into	 operational	 taxonomic	 units	 (OTUs)	
at	 97.0%	 sequence	 similarity	 using	 a	
closed	reference-based	picking	approach	
with	 UCLUST	 software	 against	
Greengenes	 database	 13_8	 of	 bacterial	
16S	 rDNA	 sequences10.	After	 rarefaction	
at	 19,000	 reads	 per	 sample,	 bacterial	
alpha	 diversity	 was	 estimated	 using	
Chao1,	 Shannon	 and	 Phylogenetic	
diversity	whole	 tree	 index.	 OTUs	with	 a	
prevalence	<5%	were	removed	from	the	
analysis.	 Analyses	 using	 R	 software	
v2.14.1	were	 restricted	 to	merged	OTUs	
with	 the	 same	 taxonomic	 assignment.	
Results	 are	 represented	 as	 mean±SEM.	
Wilcoxon	 test	 was	 applied	 to	 assess	
statistical	 significance	 in	 bacterial	
composition	 between	 the	 different	
samples.	 Based	 on	 inter-class	 PCoA,	
statistical	 p-values	 of	 the	 link	 between	
the	 different	 mice	 groups	 and	 bacterial	
microbial	profiles	was	assessed	using	an	
ANOSIM	 test	 (1000	permutations).	 I	 use	
a	correction	of	 the	p-value.	You	can	use	
FDR-p	 value	 <5%	 as	 a	 threshold	 and	





























Supplemental	 table	3.	Nomenclature,	 sequences	and	 targets	of	probes	used	
for	fluorescent	in	situ	hybridization.	*Y	=	C/T	and	W	=	A/T	
Probe	name	 Sequence	(5’	®	3’)	 Target	 F	
NON	EUB	338	 ACATCCTACGGGAGGC	 none	 5’FITC	
NON	EUB	338	 ACATCCTACGGGAGGC	 none	 5’CY5	
EUB	338	 GCTGCCTCCCGTAGGAGT	 domain	Bacteria	 5’FITC	
EUB	338	 GCTGCCTCCCGTAGGAGT	 domain	Bacteria	 5’CY5	
Bif164	 CATCCGGCATTACCACCC	 Bifidobacterium	genus	 5’CY5	














Ato	291	 GGTCGGTCTCTCAACCC	 Atopobium	 cluster	 and	Coriobacterium	group	 5’CY5	
Enter	1432	 CTTTTGCAACCCACT	 Enterobacteria	 5’CY5	
Erec	482	 GCTTCTTAGTCAGGTACCG	 Clostridium	coccoides	group	 5’CY5	
Ecyl	387	 CGCGGCATTGCTCGTTCA	 Erysipelotrichi	 5’CY5	
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Supplemental	 Figure	 1:	Mice	 weight	
and	 liver	 phenotype.	 Mice	 were	




micrographs	 of	 markedly	 steatosis	 in	
alcohol	 resistant	 mice	 (upper	 panel)	
compared	to	the	alcohol	sensitive	mice	
(lower	 panel),	 (D)	 semi-quantification	
of	 steatosis	 *Ctrl	 res	 vs	 Alc	 res,	 °Ctrl	
sens	 vs	 Alc	 sens.*,°:	 p<0.05,	 °°°,	
p<0.0001.	 Ctrl	 res	 n=8	;	 Alc	 res	 n=12	;	
Ctrl	sens	n=18	;	Alc	sens	n=21.	




























































Supplemental	 Figure	 2:	 Relative	 abundance	 of	 bacteria	 before	 and	 after	 Lieber	 DeCarli	 diet.	 (A)	 Comparison	 of	 IM	
between	mice	 in	both	animal	 facilities	 (A	and	B)	before	Lieber	DeCarli	adaptation	and	alcohol	 (T0),	 (B)	comparison	of	 IM	
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control	 diet,	 blue	 triangle	 and	 alcohol-sensitive	 mice	 on	 alcohol	 diet,	 red	 triangle,	 (p<0.05,	 R=0.70,	 ANOSIM	 test),	 (B)	

















































Ce	 travail	 a	 mis	 en	 évidence	 qu’à	 consommation	 égale	 d’alcool,	 les	 souris	 ne	
répondaient	 pas	 de	 la	 même	 manière	 à	 l’alcool,	 certaines	 étant	 sensibles	 aux	 lésions	
hépatiques	 induites	 par	 l'alcool,	 tandis	 que	 d'autres	 étaient	 résistantes.	 Une	 diminution	
significative	 des	 Bacteroides	 a	 été	 observée	 chez	 les	 souris	 sensibles	 à	 l’alcool.	 Cette	
dysbiose	 intestinale	 a	 été	 associée	 aux	 lésions	 hépatiques	 de	 la	 MAF	 mais	 aussi	 à	 une	
altération	 de	 la	 barrière	 intestinale	 avec	 une	 diminution	 du	 nombre	 de	 cellules	 à	mucus.	
Pour	confirmer	cette	relation	entre	dysbiose	et	lésions,	deux	traitements	ont	été	utilisés	afin	




pectine	 a	 un	 effet	 positif	 sur	 la	 croissance	 de	 différents	 Bacteroides,	 mais	 aussi	 de	
Faecalibacterium	prausnitzii,	de	Lactobacillus	et/ou	de	Bifidobacteria	(263).	Par	ailleurs,	une	
tendance	à	 la	diminution	des	populations	de	Clostridium	a	été	noté	quand	on	ajoute	de	 la	
pectine	 au	 régime	 (264).	 La	 pectine	 est	 métabolisée	 par	 Faecalibacterium	 prausnitzii	 en	
butyrate	 tandis	 que	 Bacteroides	 thetaiotaomicron	 la	 métabolise	 en	 acétate	 et	 succinate	
(263).	 Des	 travaux	 récents	 dans	 un	modèle	murin	 ont	 montré	 que	 la	 pectine	 ajoutée	 au	





















expériences	 complémentaires	doivent	être	effectuées	pour	voir	 l’effet	de	 la	pectine	 sur	 la	
croissance	de	B.	thetaiotaomicron	en	présence	ou	non	d’alcool.	
Afin	d’étayer	 les	données	prouvant	une	atteinte	de	 la	barrière	 intestinale,	d’autres	
paramètres	 sont	 actuellement	 évalués.	 La	 barrière	 intestinale	 est	 maintenue	 grâce	 à	 un	
ensemble	de	protéines	 impliquées	dans	 les	 jonctions	serrées	entre	 les	cellules	épithéliales.	
Parmi	ces	protéines	on	retrouve	 la	 famille	des	claudines,	 l’occludine	ou	encore	ZO-1	 (pour	
l’anglais	 Zona	 Occluden	 1).	 Il	 est	 déjà	 établi	 que	 dans	 la	 MAF,	 la	 barrière	 intestinale	 est	
altérée,	notamment	au	niveau	de	ces	jonctions	serrées.	En	effet,	des	études	ont	montré	que	
chez	des	rats	alcoolisés	et	des	patients	alcooliques,	la	répartition	des	occludines	et	ZO-1	est	
modifiée	 (267,	 268).	 Par	 ailleurs,	 les	 claudines	 1,	 3	 et	 4	 (269)	 ont	 été	 associées	 à	 la	
diminution	de	 la	perméabilité	 intestinale.	Ces	données	 sont	en	cours	d’acquisition	au	 sein	
des	différents	groupes	de	souris	alcoolisées	et	traitées.	Par	ailleurs,	l’intégrité	de	la	barrière	
intestinale	peut-être	altérée	par	des	contacts	plus	directs	entre	le	MI	et	l’épithélium	même.		
Nous	 avons	 déjà	 des	 données	 prouvant	 que	 le	 nombre	 de	 celulles	 à	 mucus	 est	




ont	 décrit	 qu’une	 diminution	 de	 la	 production	 de	 ces	 peptides,	 en	 particulier	 Reg	 III-γ,	






de	 l’alcool	ou	 la	pectine	sur	 la	croissance	des	bactéries	que	nous	avons	 identifiées	comme	
bénéfiques.	 La	 suite	 de	 ce	 travail	 permettra	 d’identifier	 les	 mécanismes	 par	 lesquels	 ces	
bactéries	 interviennent	dans	 la	protection	des	 lésions	hépatiques.	 Il	est	 important	aussi	de	




Le	 séquençage	 16S	 a	 permis	 de	 réaliser	 des	 analyses	 plus	 détaillées	 des	 bactéries	
modifiées	 au	 cours	 de	 l’alcoolisation	 et	 des	 différents	 traitements.	 Ces	 analyses	montrent	
que	 l’alcool	 induit	 des	 modifications	 du	 microbiote	 que	 les	 souris	 soient	 résistantes	 ou	
sensibles	à	la	toxicité	de	l’alcool.	Ceci	est	totalement	cohérent	dans	la	mesure	où	l’alcool	est	
un	 substrat	 extrêmement	 spécifique	et	 va	 favoriser	 la	 croissance	de	bactéries	 spécifiques.	
L’analyse	en	composante	principale	permet	également	de	mettre	en	évidence	que	le	MI	est	
clairement	 différent	 chez	 les	 souris	 sensibles	 et	 résistantes.	 Cependant,	 ces	modifications	
n’affectent	pas	la	diversité	bactérienne.	De	plus	l’analyse	des	phyla	a	confirmé	les	résultats	
obtenus	en	FISH	selon	lesquels	les	Bacteroidetes	sont	diminués	chez	les	souris	sensibles.		










particulier	 une	 augmentation	 très	 importante	 des	 Enterobacteria.	 Les	 analyses	 en	
composante	principale	montrent	par	 ailleurs	que	 cet	 effet	de	 la	pectine	est	dominant	par	
rapport	 aux	 effets	 de	 l’alcool	 et	 que	 la	 pression	 de	 ce	 substrat	 sur	 la	 prolifération	
bactérienne	est	majeure.		
	 150	
Les	 effets	 particulièrement	 excessifs	 de	 la	 pectine,	 compte	 tenu	 en	 particulier	 des	
pourcentages	élevés	utilisés	dans	le	régime,	obligent	à	considérer	que	des	proportions	plus	
faibles	seront	à	utiliser.	En	effet,	 les	modifications	observées	sur	 le	MI	suite	au	traitement	














l’évolution	de	 la	Non	Alcoholic	Fatty	Liver	Disease	 (NAFLD)	et	de	 la	Maladie	Alcoolique	du	
Foie	(MAF).		
Dans	 la	NALFD,	mon	 travail	 consistait	 à	prouver	que	 la	 cellule	de	Kupffer	 jouait	un	
rôle	clé	dans	les	étapes	précoces	de	la	pathologie,	en	particulier	dès	le	stade	de	la	stéatose.	
Les	 résultats	 que	 nous	 avons	 obtenus	 sur	 la	 KC	 permettent	 effectivement	 de	 mieux	
comprendre	 son	 rôle	dans	 la	NASH.	Nous	avons	en	particulier	prouvé	que	 le	métabolisme	
lipidique	est	fortement	perturbé	dans	la	KC	lors	de	la	stéatose.	Si	 l’accumulation	de	lipides	
dans	l’hépatocyte	au	cours	de	la	NAFLD	est	un	fait	acquis	depuis	longtemps,	le	stockage	de	
lipides	 dans	 la	 KC	 n’était	 pas	 prouvé.	 Nous	 avons	 par	 ailleurs	 démontré	 que	 cette	
dérégulation	avait,	au	moins	en	partie,	un	rôle	causal	dans	le	profil	pro-inflammatoire	des	KC	
et	que	celui-ci	pouvait	être	contrôlé	par	un	inhibiteur	de	la	lipogenèse.	Ainsi,	il	pourrait	être	
intéressant	 d’inhiber	 ce	métabolisme	 lipidique	 exacerbé	 spécifiquement	 dans	 la	 KC.	 Nous	
avons	mené	des	études	préliminaires	dans	ce	sens,	en	utilisant	des	nanoparticules	chargées	
en	 siRNA	 dirigés	 contre	 la	 FAS	 ou	 la	 SPT,	 et	 les	 premiers	 résultats	 laissent	 penser	 que	 le	
ciblage	de	la	KC	est	une	piste	prometteuse.	
Nos	travaux	sur	 la	NAFLD	se	sont	dirigés	sur	 l’impact	du	fructose	dans	l’aggravation	
des	 lésions	 hépatiques.	 En	 effet,	 les	 publications	 encore	 rares	 sur	 le	 sujet	 mettaient	 en	
évidence	 un	 rôle	 néfaste	 du	 fructose	 alors	 même	 que	 son	 taux	 d’utilisation	 dans	
l’alimentation	quotidienne	avait	 largement	augmenté.	Les	études	que	nous	avons	réalisées	
sur	 nos	 modèles	 murins	 ont	 fourni	 des	 résultats	 auxquels	 nous	 ne	 nous	 attendions	 pas	
forcément.	En	effet,	nous	avons	montré	que	le	fructose	associé	à	un	régime	hyperlipidique	
aggravait	 bien	 les	 lésions	 hépatiques	 ainsi	 que	 la	 sensibilité	 au	 glucose.	 Par	 contre	 nous	
avons	montré	 que	 contrairement	 à	 notre	 étude	 précédente,	 les	 KC	 n’étaient	 pas	 activées	
malgré	un	recrutement	lymphocytaire	augmenté.		
Afin	 de	 comprendre	 quels	 mécanismes	 pouvaient	 expliquer	 ces	 différences,	 nous	
avons	analysé	 la	 composition	du	microbiote	 intestinal,	 grand	 fournisseur	d’activateurs	des	
KC	comme	cette	thèse	a	pu	vous	le	décrire.	Les	techniques	d’analyse	du	microbiote	que	nous	
avons	utilisé	ont	montré	que	les	Erysipelotrichi	semblent	associer	à	la	présence	de	fructose	
dans	 le	 régime.	 Hormis	 ces	 bactéries,	 les	 MIB	 (pour	 l’anglais	Mouse	 Intestinal	 Bacteria),	






pourrait	 lier	 cette	 population	 aux	 différences	 d’activation	 des	 cellules	 immunitaires	 et	 en	
particulier	l’activation	des	KC.	




lesquels	 passent	 ces	 effets	 protecteurs	 ou,	 inversement,	 délétères	 sont	 encore	 largement	
incompris.	 De	 nombreuses	 études	 actuelles	 se	 focalisent	 sur	 la	 nature	 des	 métabolites	





et	 représentent	 un	 travail	 relativement	 descriptif	 mais	 néanmoins	 pertinent.	 Nos	 études	
doivent	 désormais	 se	 focaliser	 sur	 des	 régimes	 extrêmement	 précis	 avec	 un	 contrôle	 du	
microbiote,	 peut-être	 par	 transfert	 de	 MI	 connu	 et	 contrôlé,	 afin	 de	 pouvoir,	 par	 des	
analyses	 poussées	 de	 métabolomiques	 et	 de	 protéomiques,	 clarifier	 les	 mécanismes	
protecteurs	 ou	 délétères.	 Compte	 tenu	 des	 données	 actuelles,	 il	 semble	 probable	 que	
s’intéresser	à	l’intégrité	de	la	barrière	intestinale	et	à	son	immunité	sont	pertinents	puisqu’il	
y	a	clairement	une	association	permanente	entre	 la	rupture	de	 la	barrière	 intestinale	et	 la	
gravité	de	la	NAFLD.		
		
Au	 cours	 de	 nos	 travaux	 sur	 la	 MAF,	 notre	 but	 était	 principalement	 d’étudier	 les	
mécanismes	impliqués	dans	la	susceptibilité	des	individus	face	à	la	toxicité	de	l’alcool.	Notre	
équipe	 avait	 mis	 en	 évidence	 la	 présence	 d’une	 dysbiose	 chez	 des	 patients	 ayant	 une	
consommation	 chronique	 d’alcool	 égale	 en	 quantité	 et	 en	 durée.	 Cette	 dysbiose	 était	
corrélée	à	la	gravité	des	lésions	hépatiques.	En	utilisant	des	souris	axéniques,	notre	équipe	
avait	 montré	 que	 le	 MI	 avait	 bien	 un	 rôle	 causal	 dans	 la	 gravité	 des	 lésions	 hépatiques	
induites	par	l’alcool	(Annexe	1,(273)).		
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En	 poursuivant	 ces	 travaux	 sur	 nos	 modèles	 murins,	 nous	 avons	 pu	 mettre	 en	
évidence	que	cette	inégalité	des	individus	vis	à	vis	de	la	toxicité	hépatique	de	l’alcool	existait	
également	 chez	 les	 souris.	 Nous	 avons	 ainsi	 montré	 que	 les	 souris	 sensibles	 à	 l’alcool	 et	
développant	des	lésions	hépatiques	avaient	un	MI	différent	des	souris	résistantes	et,	entre	




Compte	 tenu	 de	 la	 plus	 grande	 facilité	 qu’il	 peut	 y	 avoir	 à	 utiliser	 un	 prébiotique	
comme	 la	 pectine,	 connue	 pour	 être	 un	 substrat	 des	 Bacteroides,	 nous	 avons	 essayé	
d’étayer	nos	résultats	sur	la	pectine.	Dans	cette	optique	il	est	important	de	comprendre	son	
action	en	fonction	de	la	quantité	utilisée.	En	effet,	 le	passage	du	modèle	murin	à	l’Homme	
nécessite	 certaines	 équivalences	 qui	 peuvent	 paraître	 surprenantes,	 tant	 au	 niveau	 de	
l’alcool	 consommé	que	 la	 quantité	 de	pectine	 à	 utiliser.	 Il	 faut	 notamment	 se	 remémorer	
que	la	souris	est	peu	sensible	à	l’alcool	et	de	ce	fait,	pour	induire	des	lésions	hépatiques,	il	


































de	 whisky	 pur	 par	 jour	ou	 48	 L	 de	 bière	 ….	 Et	 la	 quantité	 de	 pectine	 à	 ajouter	 pour	 un	
Homme	équivaudrait	par	jour	à	3	kg	de	pectine!	Bien	évidemment	cette	relation	n’est	pas	à	
faire	 littéralement,	 mais	 il	 est	 clair	 que	 l’utilisation	 de	 la	 pectine	 qui	 a	 un	 fort	 pouvoir	
gélifiant	 ne	 peut	 se	 faire	 en	 trop	 grande	 quantité	 sans	 avoir	 des	 effets	 secondaires	
désagréables	 sur	 la	 digestion,	 en	 particulier,	 des	 ballonnements.	 Nos	 expériences	
préliminaires	prouvent	qu’une	utilisation	à	0,4	%	de	pectine	dans	nos	modèles	murins	est	
suffisante	 pour	 moduler	 le	 MI	 est	 en	 particulier	 la	 baisse	 de	 Bacteroides.	 L’analyse	 des	
lésions	hépatiques	est	en	cours	d’étude.	
	
Dans	 le	 but	 de	 concevoir	 des	 traitements,	 outre	 les	 prébiotiques,	 développer	 des	
probiotiques	pourrait	être	extrêmement	intéressant.		
Des	 traitements	 à	 base	 de	 bactéries	 bénéfiques	 (probiotiques)	 ont	 déjà	 été	 testés	
dans	 les	 hépatopathies.	 Une	 diminution	 croissante	 des	 Lactobacillus	 est	 associée	 à	 la	
sévérité	de	la	stéatose	au	cours	de	la	NAFLD	(233,	234).	Actuellement	des	traitements	pour	
pallier	 cette	 diminution	 et	 par	 conséquent	 les	 lésions	 associées	 ont	 été	 rapportés,	
notamment	avec	Lactobacillus	casei	shirota	(274	,	275).	L’effet	des	Lactobacillus	a	également	
été	 étudié	 dans	 la	 MAF.	 L’administration	 du	 probiotique	 Lactobacillus	 GG	 réduit	 les	
caractéristiques	 de	 la	MAF	dans	 des	modèles	 animaux	 (247,	 276,	 277).	 D’autres	 bactéries	
ont	 été	 testées	 en	 probiotiques	 dans	 des	 modèles	 murins	 pour	 des	 hépatopathies	
métaboliques	 (278,	279).	Ainsi,	 ces	 résultats	montrent	que	 le	 traitement	par	des	bactéries	
utilisé	en	tant	que	probiotiques	peut	être	efficace.	Notre	découverte	de	l’impact	protecteur	
des	Bacteroides	dans	 la	MAF	montre	qu’un	traitement	à	base	de	Bacteroides	pourrait	être	
envisagé.	Cependant,	 nous	n’avons	pas	 à	 l’heure	actuelle	pu	déterminer	quelle	 espèce	de	
Bacteroides	est	plus	spécifiquement	 impliquée	dans	ces	effets	protecteurs.	Nos	travaux	en	






est	 également	 primordiale.	 En	 effet,	 comprendre	 pourquoi	 et	 comment	 les	 populations	
bactériennes	agissent	et	engendrent	soit	une	protection	soit	une	aggravation	des	lésions	du	
foie	est	une	étape	clé.	Nous	nous	 intéressons	donc	non	seulement	aux	bactéries	ayant	un	
effet	 bénéfique	 mais	 également	 aux	 bactéries	 spécifiquement	 associées	 à	 la	 sensibilité	 à	
l’alcool.	Dans	notre	étude	sur	le	rôle	causal	du	MI	dans	la	maladie	alcoolique	du	foie	(Annexe	
1,	 (273)),	 nous	 avions	 mis	 en	 évidence	 la	 présence	 spécifique	 de	 certains	 Clostridium	
associés	à	la	toxicité	de	l’alcool.	Par	ailleurs,	une	étude	faite	dans	la	NAFLD	a	mis	en	évidence	
que	 les	 Clostridium	 sont	 capables	 de	 produire	 de	 l’alcool	 en	 culture	 in	 vitro	 en	 le	
métabolisant.	Ce	métabolisme	était	corrélé	à	une	augmentation	de	la	concentration	d’alcool	
dans	le	sérum	chez	des	personnes	obèses	(236).	Ainsi,	ces	bactéries	pourraient	aggraver	les	




le	 diabète	 de	 type	 2	 ou	 l’athérosclérose	 (272).	 Une	 étude	 multicentrique	 randomisée	 a	






dosages	 d’AB	 plasmatiques	 et	 fécaux	 mais	 également	 au	 niveau	 du	 foie.	 Par	 ailleurs,	 les	
prélèvements	 tissulaires	 permettent	 d’évaluer	 l’expression	 des	 ARNm	 des	 différents	
transporteurs	de	ces	AB	au	niveau	intestinal	et	hépatique.	Ces	informations	permettent	de	
clarifier	les	étapes	perturbées	dans	le	cycle	entéro-hépatique	des	acides	biliaires.	En	effet,	ce	








pour	 le	 récepteur	 TGR5	 (Collaboration	 avec	 T.	 Tordjmann).	 Ce	 récepteur	 aux	 AB	 est	
principalement	présent	sur	les	cellules	immunitaires	et	en	particulier	les	macrophages	dont	
les	 KC.	 Le	 rôle	 de	 ce	 récepteur	 est	 plutôt	 protecteur	 puisque	 son	 absence	 entraîne	 une	
stimulation	pro-inflammatoire	anormale	des	macrophages	(281).	Nos	données	préliminaires	
laissent	 penser	 que	 les	 souris	 déficientes	 ne	 présentent	 pas	 de	 dommages	 différents	 des	
souris	sauvages.	Ceci	 laisserait	penser	que	 le	rôle	des	AB	via	 la	KC	n’est	pas	 impliqué	dans	
notre	modèle	murin	d’alcoolisation.	Ces	résultats	restent	cependant	à	confirmer.	








la	 toxicité	 hépatique	 de	 l’alcool,	 mais	 également	 au	 cours	 de	 la	 NAFLD.	 Les	 effets	 du	MI	
et/ou	 de	 ses	 métabolites	 sur	 la	 barrière	 intestinale	 obligent	 à	 considérer	 cet	 axe	
intestin/foie/MI	 comme	 un	 «	tout	»	 imbriqué.	 L’analyse	 des	 bactéries	 et	 de	 leurs	 rôles	




La	 compréhension	 de	 ces	 mécanismes	 doit	 pouvoir	 permettre	 de	 proposer	 un	
traitement	 prébiotique,	 probiotique	 ou	 symbiotique	 (association	 de	 pré	 et	 probiotique)	
palliatif	aux	patients	en	échec	de	sevrage	alcoolique.	L’étude	de	chaque	composante	du	MI	
donne	 un	 élément	 de	 réponse	 sur	 la	 progression	 des	 hépatopathies.	 Ainsi	 comprendre	 le	






















L’objectif	 de	 cet	 article	 est	 de	démontrer	que,	 chez	 les	patients	 alcooliques,	 une	dysbiose	
spécifique	contribue	au	développement	de	lésions	hépatiques	graves.	
Pour	cela,	des	souris	axéniques	et	des	souris	conventionnelles	ont	été	utilisées.	Le	MI	
humain	 de	 patients	 alcooliques	 avec	 hépatite	 alcoolique	 sévère	 (sAH)	 ou	 sans	 hépatite	
alcoolique	(noAH)	a	été	transféré	chez	ces	souris.	Les	conséquences	sur	les	souris	receveuses	
alcoolisées	ont	été	étudiées.	
Un	 dysbiose	 spécifique	 a	 été	 associée	 à	 la	 gravité	 de	 la	MAF	 chez	 les	 patients.	 Le	
degré	 de	 sensibilité	 à	 la	 MAF	 était	 transmissible	 des	 patients	 aux	 souris	 axéniques	
humanisées	via	le	transfert	de	MI.	Les	souris	hébergeant	le	MI	du	patient	sAH	ont	développé	
des	lésions	plus	importantes	au	niveau	du	foie,	de	l'intégrité	de	la	muqueuse	intestinale,	du	
tissu	adipeux	viscéral	et	avaient	une	réponse	 immunitaire	dans	 les	ganglions	 lymphatiques	
mésentériques	 plus	 prononcée	 que	 les	 souris	 ayant	 reçu	 le	MI	 du	 patient	 noAH.	 De	 plus,	
chez	 les	 souris	 conventionnelles	 humanisées	 avec	 le	 MI	 d'un	 patient	 sAH,	 un	 deuxième	
transfert	 ultérieur	 du	 MI	 d'un	 patient	 noAH	 a	 permis	 d’améliorer	 la	 gravité	 des	 lésions	
hépatiques.		
Ainsi	 le	 MI	 est	 un	 cofacteur	 indéniable	 face	 à	 la	 sensibilité	 inter-individuelle	 de	
développer	 une	 MAF	 chez	 les	 patients	 ayant	 une	 consommation	 excessive	 d’alcool.	 La	
susceptibilité	 individuelle	 à	 la	MAF	 est	 essentiellement	 tirée	 par	 le	MI.	 Le	MI	 associé	 aux	





du	 reviewing	 qui	 voulait	 voir	 si	 transférer	 le	 MI	 de	 noAH	 aux	 souris	 humanisées	 sAH	
pouvait	guérir	les	souris.	Pour	cela,	j’ai	participé	aux	gavages	des	animaux	pendant	les	29	
jours	 d’expérimentations,	 j’ai	 aussi	 participé	 à	 la	 récupération	 de	 leurs	 fèces	 afin	 de	
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Objective There is substantial inter-individual diversity
in the susceptibility of alcoholics to liver injury. Alterations
of intestinal microbiota (IM) have been reported in
alcoholic liver disease (ALD), but the extent to which they
are merely a consequence or a cause is unknown. We
aimed to demonstrate that a speciﬁc dysbiosis contributes
to the development of alcoholic hepatitis (AH).
Design We humanised germ-free and conventional mice
using human IM transplant from alcoholic patients with
or without AH. The consequences on alcohol-fed
recipient mice were studied.
Results A speciﬁc dysbiosis was associated with ALD
severity in patients. Mice harbouring the IM from a
patient with severe AH (sAH) developed more severe liver
inﬂammation with an increased number of liver T
lymphocyte subsets and Natural Killer T (NKT)
lymphocytes, higher liver necrosis, greater intestinal
permeability and higher translocation of bacteria than
mice harbouring the IM from an alcoholic patient without
AH (noAH). Similarly, CD45+ lymphocyte subsets were
increased in visceral adipose tissue, and CD4+T and NKT
lymphocytes in mesenteric lymph nodes. The IM
associated with sAH and noAH could be distinguished by
differences in bacterial abundance and composition. Key
deleterious species were associated with sAH while the
Faecalibacterium genus was associated with noAH.
Ursodeoxycholic acid was more abundant in faeces from
noAH mice. Additionally, in conventional mice humanised
with the IM from an sAH patient, a second subsequent
transfer of IM from an noAH patient improved alcohol-
induced liver lesions.
Conclusions Individual susceptibility to ALD is
substantially driven by IM. It may, therefore, be possible
to prevent and manage ALD by IM manipulation.
INTRODUCTION
Alcoholic liver disease (ALD) is a major public
health concern. However, factors that link ethanol
to the onset and progression of liver injury are
poorly understood. The susceptibility of alcoholic
patients to the development of ALD is highly vari-
able. Despite a similar alcohol intake, some patients
develop severe forms of alcoholic hepatitis (AH)
with high mortality rate, whereas others remain
Signiﬁcance of this study
What is already known on this subject?
▸ The susceptibility of alcoholic patients to
develop alcoholic liver disease (ALD) is highly
variable.
▸ An increased intestinal permeability and a
consequent high load of pro-inﬂammatory
bacterial products in blood are common
features in patients with alcoholic cirrhosis and
animal models of ALD.
▸ Intestinal dysbiosis has been associated with
alcohol dependence and alcoholic cirrhosis.
▸ A ‘cirrhosis dysbiosis ratio’ indicating an
imbalance of speciﬁc bacterial families has
been associated with cirrhosis progression.
What are the new ﬁndings?
▸ Severe alcoholic hepatitis is associated with a
speciﬁc dysbiosis in alcoholic patients.
▸ The degree of susceptibility to alcohol-induced
liver injury is transmissible from patients to
mice by faecal microbiota transplantation.
▸ Transplantation of gut microbiota from an
alcoholic patient without alcoholic hepatitis can
reverse alcohol-induced liver lesions.
▸ Speciﬁc gut microbes and bacterial metabolites
are associated with microbiota-triggered
alcohol-induced inﬂammation.
How might it impact on clinical practice in
the foreseeable future?
▸ The susceptibility of alcoholic patients to
develop ALD is highly variable. We demonstrate
that the individual susceptibility to alcohol-
induced liver injury is driven, at least partly, by
differences in intestinal microbiota composition
and metabolites. Our ﬁndings open new
avenues for diagnostic procedures based on
personalised medicine by the identiﬁcation of
patients at high risk of developing alcohol-
related complications by intestinal microbiota
analysis. They also open new possibilities for
ALD prevention and treatment through
intestinal microbiota manipulation.
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reasonably healthy.1 Therefore, other factors besides direct tox-
icity of alcohol inﬂuence the onset and progression of ALD.
An increased intestinal permeability and a consequent high
load of pro-inﬂammatory bacterial products in blood are
common features in alcoholics, subjects with alcoholic liver cir-
rhosis and animal models of ALD.2 3 Bacterial products reaching
the liver through portal circulation are cofactors for the devel-
opment of tissue injury associated with alcohol abuse.4 5
Recently, the increase in gut permeability in ALD has been asso-
ciated to a dysbiosis-induced intestinal inﬂammation,6 emphasis-
ing the role of intestinal microbiota (IM) in ALD. There is
evidence that alcohol intake leads to small and large intestinal
bacterial overgrowth in animals and humans7 8 and causes
changes in the taxonomic composition of the intestinal micro-
biome.8 Intestinal dysbiosis has been associated with alcohol-
dependence severity9 and cirrhosis,10 and recently, the term
‘cirrhosis dysbiosis ratio’ indicating an imbalance of speciﬁc
bacterial families has been associated to cirrhosis progression.2
Nevertheless, the role of intestinal dysbiosis in the individual
susceptibility of alcoholic patients to ALD has not been eluci-
dated. Using a strategy based on human gut microbiota trans-
plantation to mice, we aimed to demonstrate that the presence
of a speciﬁc dysbiosis in patients with alcohol abuse is not only
associated with liver injury but contributes to the development
of severe liver disease.
RESULTS
Severe AH is associated with a speciﬁc dysbiosis in humans
To investigate whether the severity of ALD was associated with
intestinal dysbiosis, we prospectively studied the IM compos-
ition of 38 consecutive alcoholic patients hospitalised in our
department. Patients were classiﬁed into three groups (see
online supplementary table S1) according to the severity of
alcohol-induced liver lesions (AH score)11: no AH (noAH), non-
severe AH (nsAH) and severe AH (sAH). There were striking
differences in IM composition between patients with sAH and
those with noAH: patients with sAH harboured a dysbiosis char-
acterised by larger amounts of Biﬁdobacteria and Streptococci
and a tendency for less Atopobium than patients with noAH
(ﬁgure 1A). Enterobacteria counts were high in all patients with
AH. There were no signiﬁcant differences between noAH and
nsAH patients for Biﬁdobacteria, Streptococci, Enterobacteria or
Atopobium, revealing that this dysbiosis was speciﬁcally asso-
ciated with sAH. Streptococci counts were positively correlated
with the AH score (ﬁgure 1B). Enterobacteria counts were posi-
tively correlated with blood bilirubin levels and the AH score.
Conversely, the numbers of Atopobium and Clostridium leptum,
a dominant group of faecal bacteria in adult humans with
demonstrated anti-inﬂammatory effects in the gastrointestinal
tract,12 were negatively correlated with blood bilirubin levels
and with the ﬁbrosis score, respectively (ﬁgure 1B). These
results show that, among alcoholic patients, particular groups of
gut bacteria are speciﬁcally associated with sAH.
Transplantation of human microbiota from alcoholic
patients to germ-free mice
As sAH was associated with a speciﬁc dysbiosis, we tested
whether the sAH phenotype was transmissible by IM transplant-
ation to germ-free mice. Two patients with excessive alcohol
consumption, one with noAH and the other one with sAH (see
online supplementary table S2: patients 1 and 3), were selected
based on IM composition. We used representative patients
rather than combining faeces from several patients to ensure
that a balanced and stable ecosystem would be transplanted,
favouring colonisation.
Two groups of 15 adult female germ-free mice were colonised
by oral gavage with the IM from either the noAH patient
(noAH-mice) or the IM from the sAH patient (sAH-mice) and
were fed a Lieber–DeCarli diet containing 3% ethanol for
5 weeks. Bacterial composition of patients’ faecal samples used
for inoculation as well as faecal samples taken from recipient
mice at the end of the alcohol-feeding period were deeply ana-
lysed using 454 pyrosequencing (see online supplementary
materials). A total of 91 234 sequences were obtained, and after
stringent trimming, 53 010 sequences (approximately 2600
sequences/sample) were further analysed and assigned to
Figure 1 Particular communities of
faecal microbiota are associated with
severe forms of alcoholic hepatitis (AH)
in humans. (A) Composition of the
faecal microbiota of alcoholic patients
with different stages of alcoholic liver
disease: no alcoholic hepatitis (noAH,
N=16); non-severe alcoholic hepatitis
(nsAH, N=12); severe AH (sAH, N=10).
(B) Correlation between alcoholic
patients’ faecal microbiota and the AH
score, bilirubin and ﬁbrosis score.
Values are means and SEM (A), and
correlations (B). Mann–Whitney test
(A) and Spearman rank test (B).
*p<0.05, **p<0.01.
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taxonomic levels ranging from phylum to bacterial species and
operational taxonomic units (OTUs). This analysis conﬁrmed
the high disparity between the microbiota compositions from
the two human donors with only 30 OTUs shared by their
microbiomes (see online supplementary ﬁgure S1). Also, 20 out
of 29 genera (69%) were successfully transferred from the
patient with sAH to sAH mice, whereas 29 genera out of 40
genera (72.5%) were successfully transferred from the patient
with no AH to noAH mice (ﬁgure 2A). Distinct selective pres-
sures within the gut habitat of each host but also differences in
gut environment between humans and mice, loss of bacteria
during the gavage process, as well as effect of Lieber–DeCarli
diet, may explain the non-complete recovery of the human
microbiota in recipient mice.
The degree of susceptibility to alcohol-induced liver injury is
transmissible from patients to mice by faecal microbiota
transplant
Food intake and ethanol intake were similar for the two groups
of recipient mice (ﬁgure 2B, C). After 5 weeks on the alcohol
diet, noAH mice gained signiﬁcantly more body weight than
sAH mice (ﬁgure 2D) and sAH mice had a higher intestinal per-
meability than noAH mice (ﬁgure 2E).
Liver weight and the liver/body weight ratio were higher in
the sAH mice group (ﬁgure 3A). There was a trend towards an
increase in serum alanine aminotransferase (ALT) level in sAH
mice comparison with noAH mice that did not reach statistical
signiﬁcance (ﬁgure 3B). As liver inﬂammation is usually minor
in rodent models of human ALD,13 we quantiﬁed intrahepatic
inﬂammatory cells by precise lymphocyte quantiﬁcation using
ﬂow cytometry.14 Liver inﬂammation was more severe in sAH
mice than in noAH mice with more inﬁltrating CD45+ lympho-
cytes associated with a higher percentage of CD3+, CD4+,
CD8+ and NKT cells (ﬁgure 3C). We also semi-quantiﬁed by
immunohistochemistry, by using a GR1 marker, polymorpho-
nuclear neutrophil inﬁltration, which is characteristic of human
ALD but rarely found in rodent models of ALD.13 We did not
ﬁnd a sufﬁcient number of cells to assess any difference between
sAH mice and noAH mice (data not shown). Liver necrosis was
severe in sAH mice but not in noAH mice (ﬁgure 3D, E). We
analysed the expression of 120 genes in the liver of recipient
mice. Principal component analysis (PCA) ordination plots of
gene expression data show that the two groups clearly separated
into two clusters (ﬁgure 3F). The largest differences were found
in genes related to ethanol metabolism and lipogenesis with
decreased expressions in sAH mice (see online supplementary
table S3).
As observed in patients, alcohol-induced liver inﬂammation
in sAH mice is associated with a generalised inﬂammatory
process
Consistent with the increased intestinal permeability in sAH
mice (ﬁgure 2E), we found that more bacteria translocated
through the intestinal epithelium in sAH than noAH mice as
measured by ﬂuorescein isothiocyanate (FITC)-labelling and
counting (ﬁgure 4A). The disruption of the intestinal integrity
may have been due to the lower production of mucin2 (Muc2)
(ﬁgure 4B) and was also associated with inﬂammation of the
intestinal mucosa of sAH mice only (ﬁgure 4C).
The increased intestinal permeability also led to bacterial
translocation to mesenteric lymph nodes (MLNs): the number
of viable translocating bacteria showed a tendency to be higher
in MLN from sAH mice than from noAH mice (ﬁgure 4D).
Moreover, sAH mice had higher proportions of CD3+, CD4+
and NKT cells in MLN than noAH mice (ﬁgure 4E).
In patients with ALD, inﬂammation occurs not only in the
liver but also in adipose tissue,15 and visceral adipose tissue
(VAT), which may affect individual susceptibility to ALD.
Accordingly, we found a lymphocyte inﬁltrate as shown by the
CD45+ count with higher proportions of CD3+, CD4+, CD8+
and NKT in VAT from sAH mice than in VAT from noAH mice
(ﬁgure 4F). This indicates that extension of inﬂammation to
sites distal from the initial site of colonisation is more pro-
nounced in sAH mice than in noAH mice.
Consistent with liver gene expression ﬁndings, PCA ordin-
ation plots of ileal gene expression data show a marked discrim-
ination between the two groups of recipient mice, indicating
great differences between the two groups of mice (ﬁgure 4G).
Online supplementary table S6 shows speciﬁc overexpressed
genes in sAH mice with respect to noAH mice. Some genes
involved in microbial protection such as IDO1 and Reg3γ were
overexpressed in sAH mice with respect to noAH mice, whereas
CPT1 and MGAT2, involved in lipid metabolism, were more
strongly expressed in noAH mice than sAH mice. As in liver
samples, ileal expression of alcohol dehydrogenase was weak for
the sAH mice group (see online supplementary table S6).
Altogether, these results demonstrate that alcohol-induced liver
inﬂammation triggered by IM in sAH mice is a generalised
process, as observed in patients.
Gut microbiota in sAH mice differs from that in noAH mice
Gut microbiota composition was compared between sAH mice
and noAH mice after 5 weeks of alcohol feeding. PCA based on
bacterial genera composition showed that the microbiota from
sAH mice and noAH mice differed signiﬁcantly (Monte Carlo
test; p=0.00099) (ﬁgure 5A). There was no difference in diver-
sity as indicated by Shannon (ﬁgure 5B) or Simpson (see online
supplementary ﬁgure S1) indices.
Figure 2 Phenotype of germ-free recipient mice after intestinal
microbiota transplant. (A) Venn diagram based on genera distribution
between human donors and recipient mice, (B) food intake, (C) alcohol
intake, (D) body weight gain before euthanasia and (E) intestinal
permeability. Values are means and SEM. Unpaired t test. N=15/group.
*p<0.05. noAH, no alcoholic hepatitis; sAH, severe alcoholic hepatitis.
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At the genus level, 23 genera differed signiﬁcantly between
sAH mice and noAH mice. Bacteroides was the most abundant
genus in both noAH mice and sAH mice but was signiﬁcantly
more represented in sAH mice. Among dominant genera,
Bilophila, Alistipes, Butyricimonas and Clostridium cluster XIVa
were also signiﬁcantly more abundant in sAH mice than in
noAH mice (ﬁgure 5C). Several subdominant genera were
more represented in sAH mice too (ﬁgure 5C), and Proteus was
solely present in sAH mice. Conversely, three dominant
genera (Barnesiella, Parasutterella and an unclassiﬁed
Alphaproteobacteria genus) were more abundant in noAH mice,
the latter two being present in noAH mice only (ﬁgure 5C).
Besides, several subdominant genera including Akkermansia,
Howardella, Phascolarctobacterium, Turicibacter, Desulfovibrio
or Gemmiger were also speciﬁc of noAH mice microbiota.
We further identiﬁed 56 OTUs that were successfully trans-
ferred from sAH donor to sAH mice and were not found in
noAH donor and recipient mice (see online supplementary
ﬁgure S1 and table S4). Several OTUs correspond to bacterial
species associated with inﬂammatory diseases or insulin resist-
ance, including Bilophila wadsworthia,16 Bacteroides caccae17 or
Escherichia coli.18 Moreover, 21 belonged to the
Lachnospiraceae family, which is increased in alcoholic patients
with high gut permeability.9 Conversely, 32 OTUs that were
transferred from noAH donor to noAH mice were not found in
sAH donor and recipient mice (see online supplementary ﬁgure
S1 and table S5). Thirteen belonged to the Ruminococcaceae
family, which is decreased in alcoholic patients with high gut
permeability.9 In particular, two of these OTUs were relatives of
Faecalibacterium prausnitzii, a bacterial species known for its
anti-inﬂammatory activities12 (see online supplementary tables
S4 and S5). Finally, 62 speciﬁc bacterial species were differen-
tially represented (p<0.05) between sAH mice and noAH mice
(see online supplementary ﬁgure S2). The main bacterial species
over-represented in sAH mice were B. caccae, Bacteroides
vulgatus, E. coli and B. wadsworthia. Conversely, Parasutterella
excrementihominis represented 8.56% and 5.76% of total
sequences in noAH mice and noAH donor, respectively, while it
represented only 0.001% in sAH donor and was not detected in
sAH mice, suggesting that this bacterial species may exert pro-
tective effects.
The phenotypes of noAH mice and sAH mice are associated
with different metabolites
Using an untargeted metabolomic approach based on liquid
chromatography and high-resolution mass spectrometry, we ana-
lysed caecal content of the recipient mice and the faeces from
their respective human donors. After data extraction from all
spectra and quality veriﬁcations, we selected mouse samples for
multivariate analyses (see online supplementary ﬁgure S3).
Non-discriminant parameters (ions) were then removed from
the statistical model. We built a new model based on the 22
remaining signals (VIPs), which discriminated noAH mice from
sAH mice (ﬁgure 5D–F). Thirteen biomarkers were identiﬁed
from exact mass measurement and comparison with web
sources (Metlin, MZedDB). The most discriminating molecules
were bile acid derivatives and hydroxygenated/oxygenated fatty
acids. Higher amounts of the primary bile acid chenodeoxy-
cholic acid (CDCA) were found in faecal samples of noAH mice
compared with sAH mice. Notably, the secondary bile acid urso-
deoxycholic acid (UDCA) was more abundant in the faecal
metabolome of noAH mice than of sAH mice. This hydrophilic
bile acid is produced by bacteria from CDCA19 and display
hepatoprotective properties.20
Transmission of the susceptibility to alcohol-induced liver
injury by faecal transplant is reproducible in conventional
mice
To conﬁrm our ﬁndings and better mimic clinical conditions, we
generated a model based on faecal transplant into conventional
Figure 3 Analysis of the liver of no alcoholic hepatitis (noAH) and severe alcoholic hepatitis (sAH) recipient mice. (A) Liver weight (left panel),
liver weight/body weight ratio (right panel). (B) Serum alanine aminotransferase (ALT) at euthanasia. (C) Liver CD45+ lymphocytes (left panel) and
immunocompetent cells (right panel). (D) Representative H&E-stained sections of liver from noAH mice (left) and sAH mice (right) (×250). (E)
Necrosis score. (F) Principal component analysis ordination plot of gene expression proﬁles in the liver of recipient mice: noAH mice (blue spots);
sAH mice (red spots). Mean and SEM, unpaired t test (A–C) and Mann–Whitney test (E and F).*p<0.05, **p<0.01, ***p<0.001. N=15/group.
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mice (ﬁgure 6A).We used repetitive doses of polyethylene glycol
laxative to prepare the mice intestine for the faecal transplant
and actively maintained transplanted IM by repetitive transplan-
tations. To avoid any bias, we did not use any antibiotics. The
timetable of alcohol-feeding and IM transfer was selected
according to the constraints of the maintenance of the trans-
planted IM, the short survival of alcohol-fed mice, the time
required for the establishment of a new IM and the delay neces-
sary for any improvement of liver disease symptoms to become
evident. Thus, a shorter period of alcohol-feeding but a higher
dose of alcohol was used in this conventional model compared
with the GF humanised model.
In this new model (ﬁgure 6A), which is derived from another
model of ALD,21 the administration of sAH microbiota by itself,
without alcohol feeding, led to a slight but signiﬁcant increase
in ALT (ﬁgure 6B). Moreover, alcohol alone without a deleteri-
ous IM did not lead to large increases in either ALT activity or
liver triglyceride concentrations (ﬁgure 6B, C). The combination
of alcohol and a deleterious microbiota led to large increases of
ALT and liver triglyceride levels (ﬁgure 6B, C). Therefore,
alcohol and IM appear to act synergistically to cause alcoholic
liver lesions. The reproducibility of our ﬁndings with the IM
from a second patient with sAH reinforces our previous results.
The microbiota from an alcoholic patient without alcohol
hepatitis can reverse the alcohol-induced liver lesions
We then used our conventional mice model to study whether
alcohol-induced liver lesions triggered by IM transplant can
regress by a subsequent transplant of IM from a patient without
AH.
We transferred the IM from a patient with sAH to two
groups of mice and triggered liver lesions by feeding them with
Lieber–DeCarli alcohol diet. One group of mice was then given
the IM from an alcoholic patient with noAH (see online supple-
mentary table S2: patient 2; ﬁgure 7A). PCA analyses conﬁrmed
that, at the end of the experiment, the IM in the two groups of
recipient mice was similar to that in the corresponding donor
patients (ﬁgure 7B).
Mice with the IM from the sAH patient showed an improve-
ment of ALT levels and a decrease of liver regeneration follow-
ing administration of the IM from the noAH patient: (ﬁgure
7C–E). There was also a trend for a decrease of the pathological
Figure 4 Analysis of intestinal and visceral inﬂammation in recipient no alcoholic hepatitis (noAH) mice and severe alcoholic hepatitis (sAH) mice.
(A) Quantiﬁcation of bacteria translocating across the ileum and colon (N=8/group). Representative picture of translocating bacteria in colons of sAH
mice (magniﬁcation×200). Bacteria are in red and nuclei in blue. Arrows indicate translocating bacteria (×600). (B) Immunohistochemical staining of
Muc2 in colon sections from noAH mice and sAH mice and semi-quantiﬁcation. (C) Representative H&E staining of sections of the ileum from noAH
mice and sAH mice. Inﬂammation of lamina propria (arrows) (×250). Semi-quantiﬁcation of inﬂammation. (D) Colony forming units (CFUs) of
translocating bacteria in mesenteric lymph nodes (MLN). (E) MLN immunocompetent cells. (F) Visceral adipose tissue (VAT) CD45+ lymphocytes
(left panel) and immunocompetent cells (right panel). (G) Principal component analysis ordination plot of gene expression proﬁles in the ileum of
recipient mice, noAH mice (blue spots) and sAH mice (red spots). Means and SEM, an unpaired t test (D–F) and Mann–Whitney test (A–C and G).
*p<0.05, **p<0.01.
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steatosis and inﬂammation scores (ﬁgure 7F, G). These results
indicate that IM normalisation, without modifying the alcohol
intake, may counteract alcohol-induced liver lesions.
DISCUSSION
The role of the gut microbiota in ALD has recently received
increasing attention and dysbiosis has been associated with
alcohol consumption22 and with increasing numbers of diseases.
However, association studies cannot determine whether altera-
tions of IM are a cause or a consequence of the disease. By
faecal transplant experiments, we showed that a dysbiotic IM
contributes to the individual susceptibility to alcohol-induced
liver lesions. Patients with sAH displayed a speciﬁc deleterious
dysbiosis that was not due to alcohol by itself as all our patients
had a similar history of alcohol abuse. This is in agreement with
a recent report showing that not all alcohol-dependent subjects
had altered composition and activity of the gut microbiota.9
We and others have already used this microbiota transplant
strategy to demonstrate the causative role of intestinal bacteria
in disease development including non-alcoholic fatty liver
disease23 or obesity.24 Here, we evidence the causative role of
the gut microbiota in ALD development. We further identiﬁed
bacterial genera and species that were signiﬁcantly and speciﬁc-
ally associated with the noAH or sAH phenotypes.
Figure 5 Gut microbiota composition and metabolites produced. (A) Principal component analysis (PCA) ordination plot of faecal microbiota
proﬁles of no alcoholic hepatitis (noAH) and severe alcoholic hepatitis (sAH) mice at the genus level. The ﬁrst two components of the PCA explained
36.11% of the total variance (component 1=26.73%; component 2=9.38%”) (Monte Carlo test; p=0.00099). (B) Bacterial diversity as assessed by
the Shannon index. (C) Comparison of the intestinal microbiota composition at the genera level between noAH mice and sAH mice. Dominant and
subdominant genera correspond to genera representing more and less than 1% of the sequences, respectively. (D) Hierarchical clustering analysis
(HCA) of the faecal metabolites. The relative amounts of metabolites in the faeces are displayed as a heatmap (values are pareto and log2 scaled).
p Values analysed by partial least square discriminant analysis (PLS-DA) after cross-validation analysis of variance: 1.3×10−15. Percentage of groups
assigned according to metabolite distributions: 100% with Fisher’s probability at 6.4×10−9. Putative identiﬁcation of each metabolite is based on
exact mass measurement and comparison with databases. (E) PLS-DA score plot on mouse samples, after ﬁrst variable selection (ﬁrst PCA). Red
dots, sAH mice; blue dots, noAH mice. (F) PLS-DA loading plot of mice samples, after ﬁrst variable selection (ﬁrst PCA). Each black triangle is a
discriminant parameter involved in group differentiation and corresponds to one row in HCA.
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Interestingly, several bacterial groups or species over-
represented in sAH mice were already associated with health
disorders. This includes Bilophila wadsworthia, which may be
able to trigger colitis in genetically prone subjects.16 Similarly,
bacterial species belonging to the Clostridium cluster XIVa were
found to induce proinﬂammatory cytokine responses by human
mononuclear cells.25 Conversely, known ‘beneﬁcial’ bacteria
such as Akkermansia muciniphila that resides in mucus layer,
and improves intestinal barrier and metabolic functions,26 and
Faecalibacterium prausnitzii, which exerts anti-inﬂammatory
activities and is decreased in patients with IBD,12 were more
abundant in noAH mice.
An intestinal dysbiosis has been associated with increased gut
permeability9 that facilitates the translocation of IM components
contributing to the liver injury, in a fraction of alcoholic patients
only.9 Consistently, despite similar alcohol intake, sAH mice had
higher intestinal permeability and greater translocation of bac-
teria to MLN than noAH mice. The intestinal mucus layer, com-
posed of mucins, predominantly Muc2, acts as a physical,
chemical and immunological barrier27 and protects the intestinal
epithelium against exogenous agents. In our model, the presence
of the sAH microbiota was associated with a marked reduction
of Muc2 expression and an enhanced expression of the anti-
microbial peptide Reg3γ. Reg3γ displays an antimicrobial activ-
ity against Gram-positive bacteria. The decreased Muc2
production, together with the enhanced antimicrobial Reg3γ
activity, could be important contributors of the dysbiosis asso-
ciated with the sAH phenotype.
The cause of the differences observed in IM between heavy
drinkers with different susceptibility to alcohol is not clear. We
hypothesise that initial differences in IM may be present before
alcohol intake and that alcoholism provokes shifts in IM com-
position that can condition the host susceptibility to alcohol.
Only a longitudinal prospective study analysing the effects of
chronic alcohol consumption on IM and the consequences of
alcohol-induced dysbiosis on ALD susceptibility could validate
our hypothesis. The functionality of a given ecosystem depends
on metabolites produced,28 and recent reports have evidenced
the great impact of chronic alcohol intake on luminal metabo-
lites.29 We found striking differences in faecal metabolome
between the two groups of alcoholised recipient mice.
Interestingly, the most discriminant metabolites corresponded to
bile acids. This is of special interest as bile acids metabolism is
highly inﬂuenced by the gut microbiota and may inﬂuence
glucose homeostasis, lipid metabolism, intestinal motility, bacter-
ial overgrowth, inﬂammation and cancer.30 We found higher
amounts of the primary bile acid CDCA in faecal samples of
noAH mice, which has been shown to increase the expression
and production of class I alcohol dehydrogenase (ADH1) in
vitro.31 Accordingly, we found higher expression of ADH1 in
the intestine and liver of noAH mice than in sAH mice. Hence,
the IM composition in patients and mice with sAH affects bile
acid derivatives, which in turn could affect the efﬁciency of
alcohol metabolism. Similarly, UDCA was more abundant in
noAH mice. Ursodeoxycholic acid (UDCA) has antioxidant
properties and plays an important role in the prevention of hep-
atocyte death. Moreover, it is used to improve the prognosis of
patients with primary biliary cirrhosis20 or intrahepatic cholesta-
sis of pregnancy.32 This suggests that the IM may confer protect-
ive effects by modulating bile acid metabolism2 33 and by
producing protective metabolites, such as UDCA, which might
contribute to the differences in the susceptibility to ALD.
Figure 6 Alcohol and intestinal microbiota act synergistically to induce alcoholic liver disease. (A) Schematic representation of alcohol feeding and
microbiota transplantation procedures. Mice were subjected to an intestinal purge with polyethylene glycol (PEG), gavaged 1 h after the purge with
the human microbiota and then twice a week during all the experiment (black arrows). (B) Serum alanine aminotransferase (ALT). (C) Liver
triglyceride (TG). Means and SEM. Mann–Whitney test. *p<0.05; **p<0.01; ***p<0.001; ns, not signiﬁcant. Cv, conventional mice (control mice
N=12; alcoholised mice N=9); Cv-sAH-mice, conventional mice transplanted with microbiota from a severe alcoholic hepatitis (sAH) patient (control
mice N=14; alcoholised mice N=9); LDC, Lieber–DeCarli diet.
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Our general ﬁndings were thus reproduced with two different
pairs of patients in two different mice models of ALD, demon-
strating their robustness. Moreover, we show for the ﬁrst time
that the susceptibility to alcohol is reversible, at least partly,
with normalisation of the IM. The transmissible factor that
drives the susceptibility to alcohol might be within the unba-
lanced IM ecosystem, the speciﬁc transferred bacteria associated
with the sAH phenotype, the metabolites produced or most
probably, a conjunction of all of them. Further studies investigat-
ing the functionality of IM among alcoholic patients with
similar alcohol intake and differential ALD phenotype should
ﬁnd the driver of the sAH phenotype.
This study, showing the feasibility of transferring a host meta-
bolic phenotype via gut microbiota transplant, highlights the
power of the humanised models to investigate the involvement
of the gut microbiota in health and disease. Our work opens
new avenues for a personalised medicine based on IM monitor-
ing to identify patients at high risk of developing alcohol-related
complications. Moreover, our ﬁndings open new possibilities for
the prevention or treatment of ALD through IM manipulation




Each patient collected faeces during their ﬁrst bowel movement
following hospitalisation. An anaerobiosis generator
(Anaerocult, Merck, Darmstadt, Germany) was added to
samples to favour the preservation of anaerobic bacteria. The
samples were processed within 24 h and ﬁxed for ﬂuorescence
in situ hybridisation, or frozen for bacterial preservation or
DNA extraction as described below.
Figure 7 Reversibility of alcohol-induced liver lesions in severe alcoholic hepatitis (sAH) mice by intestinal microbiota (IM) normalisation.
Conventional sAH (Cv-sAH) mice (N=9) were transplanted with IM from an sAH patient twice a week for 4 weeks and Cv-s/noAH mice (N=4) were
transplanted with microbiota from an sAH patient for 24 days and then with IM from a noAH patient for 4 days. (A) Schematic representation of
alcohol feeding and IM transplantation procedures. Mice were subjected to an intestinal purge with polyethylene glycol (PEG). One hour after the
purge mice were gavaged with the human microbiota from an sAH patient and gavaged again twice a week (black arrows) during 21 days. Then,
when the full dose of ethanol was reached, mice were gavaged four times during 1 week with the human microbiota of an sAH patient
(Cv-saAH-mice) or twice with the IM of an sAH patient and, after an intestinal purge with PEG, twice with the IM of a noAH patient (Cv-s/
noAH-mice) (black arrows). (B) Principal component analysis ordination plots of faecal microbiota from the two donor patients (sAH and noAH) and
from the two groups of recipient mice (Cv-sAH-mice and Cv-s/noAH-mice) at the end of the experiment (D28). (C) Serum alanine aminotransferase
(ALT). (D) Representative pictures of liver sections (×250) and immunostaining with Ki-67 (×400). (E) Ki-67 quantiﬁcation. (F) Steatosis score.
(G) Inﬂammation score. Means and SEM. Mann–Whitney test. *p<0.05. LDC, Lieber–DeCarli diet.




Five-week-old female germ-free C57BL/6J mice were used for
the IM transplant experiment. These mice were born and raised
at ANAXEM, the germ-free facilities of the Micalis Institute
(INRA, Jouy-en-Josas, France). The mice were maintained in
sterile isolators and kept separate from germ-free breeding pairs.
The procedure for IM transplant into germ-free and conven-
tional mice is described in the online supplementary section.
In vivo intestinal permeability
Four hours after the gavage of mice with 4-kDa
ﬂuorescent-dextran-FITC (Dx-FITC, Sigma-Aldrich, St Louis,
Missouri, USA), 100 mL of blood was collected from the sub-
mandibular vein. Intestinal permeability was determined by
measuring the amount of Dx-FITC in the blood as described
previously.34
Microbiota composition and diversity
Microbiota composition was deeply analysed using 454 pyrose-
quencing targeting the 16S rRNA gene V3-V4 region (V3fwd:
50TACGGRAGGCAGCAG30, V4rev: 50GGACTACCAGGGTAT
CTAAT30). The procedure details are described in the online
supplementary section.
Statistics
Statistical analysis was carried out using GraphPad Prism V.5
(GraphPad, San Diego, California, USA). Values are expressed
as means and SEM unless indicated otherwise. For comparison
of groups, normality tests were used to determine if data fol-
lowed a normal distribution. Students’ t test was used for data
following a normal distribution and the Mann–Whitney test
for data that were not normally distributed. Spearman’s rank
test was used for correlations. For all comparisons, two-sided
testing was used unless indicated. A Wilcoxon signed rank test
was used to compare the characteristics of the three groups of
patients. Values of 5% (*p<0.05), 1% (**p<0.01) or 0.1%
(***p<0.001) were considered to be statistically signiﬁcant.
For the metabolome assay, p values were analysed by partial
least square discriminant analysis after a cross-validation ana-
lysis of variance: 1.3×10−15. Percentage of groups assigned
according to metabolite distributions: 100% with Fisher’s
probability at 6.4×10−9. The NCSS9 program was used for
PCA.
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bacterial	 species	 (or	 relatives	 of	
bacterial	 isolates).	 The	 numbers	
correspond	 to	 the	delta	between	
sAH-mice	 and	 noAH-mice	




the	 left	 (negative	 numbers)	 and	
the	 ones	 more	 represented	 in	
sAH-mice	 are	 on	 the	 right	
(positive	 numbers).	 All	 presented	
results	 are	 statistically	 significant	
(p<0.05).		
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Age	(yr)	 54±3	 50±3	 57±9	 NS	
Alcohol	consumption	(g/d)	 155±31	 185±23	 101±16	 NS	
Duration	of	alcohol	intake	(yr)	 16±4	 28±5	 23±5	 NS	
BMI	(kg/m2)	 23.1±1.2	 24.0±3.2	 25.7±2.8	 NS	
AST	(IU/L)	 84±16	 163±40	 113±16	 NS	
Albumin	(g/L)	 38±2	 37±2	 28±3	 <0.05	
Blood	glucose	(mmol/L)	 4.9±0.14	 5.3±0.3	 5.4±0.3	 NS	
Triglycerides	(g/L)	 1.41±0.17	 1.41±0.4	 0.73±0.04	 NS	
PT	(%)	 86±6	 78±7	 35±14	 <0.05	
Bilirubin	(µmol/L)	 16±3	 30	±	10	 105±16	 <0.05	
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Donor	patient	 1	 2	 3	 4	
Alcoholic	hepatitis	 No	 No	 Severe	 Severe	
Recipient	mice	 Germ-free	 Conventional	 Germ-free	 Conventional	
Age	(yr)	 50	 39	 40	 52	
Alcohol	consumption	(g/d)	 70	 80	 220	 130	
Duration	of	alcohol	intake	(yr)	 35	 20	 10	 19	
BMI	(kg/m2)	 17.1	 23,1	 24.5	 21	
AST	(IU/L)	 24	 32	 135	 120	
Albumin	(g/L)	 38.4	 45.5	 30.9	 25	
Blood	glucose	(mmol/L)	 4.0	 5.2	 4.4	 5.7	
Triglycerides	(g/L)		 1.27	 1.81	 1.19	 0.81	
PT	(%)	 100	 100	 43	 42	
Bilirubin	(µmol/L)	 13	 13	 140	 141	





a	 patient	 with	 severe	 alcoholic	 hepatitis	 (sAH-mice)	 versus	 mice	 colonized	 with	 the	 IM	
from	an	alcoholic	patient	without	alcoholic	hepatitis	(noAH-mice).			
LIPID	METABOLISM	 Fold	change	 P	 	
Hmgcr	 3-hydroxy-3-methylglutaryl-Coenzyme	A	reductase	 -1.383	 0.001	 *	
Slc27a5	 Solute	carrier	family	27	(fatty	acid	transporter),	member	5	 -1.245	 0.001	 *	
Fas	 Fatty	acid	synthase	 -1.353	 0.009	 *	
Dgat2	 Diacylglycerol	O-acyltransferase	2	 -1.132	 0.018	 *	
Scd1	 Stearoyl-Coenzyme	A	desaturase	1	 -1.484	 0.018	 *	
Ppara	 Peroxisome	proliferator	activated	receptor	alpha	 -1.098	 0.046	 *	
Mttp	 Microsomal	triglyceride	transfer	protein	 -1.070	 0.056	 °	
Dgat1	 Diacylglycerol	O-acyltransferase	1	 -1.114	 0.068	 °	
Pparg	 Peroxisome	proliferator	activated	receptor	gamma	 -1.114	 0.114	 	
Fabp2	 Fatty	acid	binding	protein	2,	intestinal	 1.089	 0.146	 	
Fabp4	 Fatty	acid	binding	protein	4,	adipocyte	 1.192	 0.171	 	
Srebf1	 Sterol	regulatory	element	binding	transcription	factor	1	 -1.092	 0.171	 	
Cpt1a	 Carnitine	palmitoyl	transferase	1a	 -1.034	 0.561	 	
ALCOHOL	METABOLISM	 	 	 	
Adh5			 Alcohol	dehydrogenase	5	(class	III),	chi	polypeptide		 -1.136	 0.001	 *	
Aldh1a1			 Aldehyde	dehydrogenase	family	1,	subfamily	A1		 -1.255	 0.001	 *	
Aldh4a1			 Aldehyde	dehydrogenase	4	family,	member	A1		 -1.220	 0.001	 *	
Cyp2e1	 Cytochrome	P450,	family	2,	subfamily	e,	polypeptide	1	 -1.343	 0.001	 *	
Cyp4a14	 Cytochrome	P450,	family	4,	subfamily	a,	polypeptide	14	 1.316	 0.001	 *	




Aldh2			 Aldehyde	dehydrogenase	2,	mitochondrial	 -1.076	 0.042	 *	
Aldh1a3			 Aldehyde	dehydrogenase	family	1,	subfamily	A3		 -1.211	 0.047	 *	
Acaca	 Acetyl-Coenzyme	A	carboxylase	alpha	 -1.091	 0.146	 	
Abca6	 ATP-binding	cassette,	sub-family	A	(ABC1),	member	6	 -1,070	 0.184	 	
Acat1	 Acetyl-Coenzyme	A	acetyltransferase	1	 1.038	 0.406	 	
Ddit3	 DNA-damage	inducible	transcript	3	 1.047	 0.56	 	
Aldh3a1			 Aldehyde	dehydrogenase	family	3,	subfamily	A1	 1.047	 0.67	 	
Aldh3b1			 Aldehyde	dehydrogenase	3	family,	member	B1		 -1.035	 0.913	 	
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FIBROSIS	 	 	 	
Card10	 Caspase	recruitment	domain	family,	member	10	 -1.134	 0.077	 °	
Col18a1	 Procollagen,	type	XVIII,	alpha	1	 -1.097	 0.092	 °	
Col1a1	 Procollagen,	type	I,	alpha	1	 1.657	 0.183	 	
a-SMA	 Actin,	alpha	2,	smooth	muscle,	aorta	 1.697	 0.265	 	
Card14	 Caspase	recruitment	domain	family,	member	14	 1.091	 0.305	 	
Icam1	 Intercellular	adhesion	molecule	 -1.067	 0.615	 	
Card11	 Caspase	recruitment	domain	family,	member	11	 1.060	 0.878	 	
INFLAMMATION	 	 	 	
Cxcl12	 Chemokine	(C-X-C	motif)	ligand	12	 -1.147	 0.001	 *	
Nkiras2	 NFKB	inhibitor	interacting	Ras-like	protein	2	 -1.166	 0.001	 *	
Tlr5	 Toll-like	receptor	5	 -1.342	 0.001	 *	
Tgfbr2	 Transforming	growth	factor,	beta	receptor	II	 -1.119	 0.002	 *	
Tnfsf15	 Tumor	necrosis	factor	(ligand)	superfamily,	member	15	 -1.485	 0.002	 *	
Tnfrsf1a	 Tumor	necrosis	factor	receptor	superfamily,	member	1a	 -1.195	 0.003	 *	
Msr1	 Macrophage	scavenger	receptor	1	 -1.160	 0.008	 *	
Traf4	 Tnf	receptor	associated	factor	4	 -1.139	 0.008	 *	
Tnfrsf11a	 Tumor	necrosis	factor	receptor	superfamily,	member	11a	 -1.186	 0.014	 *	
Traf5	 Tnf	receptor-associated	factor	5	 -1.146	 0.015	 *	
Tgfb1	 Transforming	growth	factor,	beta	1	 -1.185	 0.017	 *	
Hspa5	 Heat	shock	protein	5	 1.231	 0.022	 *	
Tlr3	 Toll-like	receptor	3	 -1.149	 0.027	 *	
Fadd	 Fas	(TNFRSF6)-associated	via	death	domain	 -1.136	 0.030	 *	
Ikbkg	 Inhibitor	of	kappaB	kinase	gamma	 -1.105	 0.030	 *	
Il10	 Interleukin	10	 -1.287	 0.034	 *	
Ptafr	 Platelet-activating	factor	receptor	 -1.149	 0.038	 *	
Traf6	 Tnf	receptor-associated	factor	6	 -1.108	 0.038	 *	
Irak1	 Interleukin-1	receptor-associated	kinase	1	 -1.083	 0.042	 *	
Tgfbr1	 Transforming	growth	factor,	beta	receptor	I	 -1.105	 0.042	 *	
Ikbkb	 Inhibitor	of	kappaB	kinase	beta	 -1.077	 0.047	 *	
Irak1bp1	 Interleukin-1	receptor-associated	kinase	1	binding	protein	1	 -1.162	 0.052	 °	
Tnf	 Tumor	necrosis	factor	 -1.234	 0.052	 °	
Emr1	 EGF-like	module	containing,	mucin-like,	hormone	receptor-like	sequence	1	 -1.166	 0.074	 °	
Tnfrsf10b	 Tumor	necrosis	factor	receptor	superfamily,	member	10b	 1.488	 0.077	 °	
Cd68	 Cd68	molecule	 -1.182	 0.081	 °	
Nfkbib	 Nuclear	factor	of	kappa	light	chain	gene	enhancer	in	B-cells	inhibitor,	beta	 -1.103	 0.084	 °	
Tlr2	 Toll-like	receptor	2	 -1.265	 0.084	 °	
Cd163	 CD163	antigen	 -1.099	 0.089	 °	
Marco	 Macrophage	receptor	with	collagenous	structure	 -1.081	 0.097	 °	
Csf1	 Colony	stimulating	factor	1	(macrophage)	 -1.124	 0.121	 	
Il1a	 Interleukin	1	alpha	 -1.101	 0.121	 	
Tgfbr3	 Transforming	growth	factor,	beta	receptor	III	 -1.094	 0.121	 	
Il2	 Interleukin	2	 -1.273	 0.132	 	
Tlr7	 Toll-like	receptor	7	 -1.083	 0.143	 	
Fcrls	 Fc	receptor-like	S,	scavenger	receptor	 1.217	 0.146	 	
Il1b	 Interleukin	1	beta	 -1.144	 0.156	 	
Cxcl1	 Chemokine	(C-X-C	motif)	ligand	1	 1.823	 0.169	 	
Irf1	 Interferon	regulatory	factor	1	 -1.127	 0.183	 	
Malt1	 Mucosa	associated	lymphoid	tissue	lymphoma	translocation	gene	1	 -1.092	 0.183	 	
Nfkb1	 Nuclear	factor	of	kappa	light	chain	gene	enhancer	in	B-cells	1,	p105	 -1.063	 0.197	 	
Rbx1			 Ring-box	1		 -1.076	 0.197	 	
Il12a	 Interleukin	12	 -1.146	 0.213	 	
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Tlr6	 Toll-like	receptor	6	 -1.133	 0.213	 	
Cxcl16	 Chemokine	(C-X-C	motif)	ligand	16	 -1.065	 0.245	 	
Nr1h3	 Nuclear	receptor	subfamily	1,	group	H,	member	3	 -1.068	 0.262	 	
Ripk1	 Receptor	(TNFRSF)-interacting	serine-threonine	kinase	1	 -1.032	 0.265	 	
Tlr4	 Toll-like	receptor	4	 -1.028	 0.280	 	
Nfkbia	 Nuclear	factor	of	kappa	light	chain	gene	enhancer	in	B-cells	inhibitor,	alpha	 -1.090	 0.284	 	
Rel	 Reticulo	endotheliosis	oncogene	 -1.059	 0.284	 	
Rela	 Reticulo	endotheliosis	viral	oncogene	homolog	A	(avian)	 -1.047	 0.284	 	
Tgfb2	 Transforming	growth	factor,	beta	2	 1.000	 0.305	 	
Tlr9	 Toll-like	receptor	9	 -1.074	 0.340	 	
Traf2	 Tnf	receptor-associated	factor	2	 -1.046	 0.348	 	
Il1r1	 Interleukin	1	receptor,	type	I	 1.084	 0.370	 	
Nos2	 Nitric	oxide	synthase	2,	inducible,	macrophage	 1.058	 0.394	 	
Lbp	 Lipopolysaccharide	binding	protein	 1.037	 0.406	 	
Arg1	 Arginase,	liver	 -1.026	 0.430	 	
Ccl2	 Chemokine	(C-C	motif)	ligand	2	 -1.135	 0.471	 	
Traf3	 Tnf	receptor-associated	factor	3	 -1.053	 0.471	 	
Ifng	 Interferon	gamma	 -1.110	 0.480	 	
Ccl20	 Chemokine	(C-C	motif)	ligand	20	 -1.146	 0.498	 	
Irak2	 Interleukin-1	receptor-associated	kinase	2	 -1.052	 0.498	 	
Creb1	 cAMP	responsive	element	binding	protein	1	 -1.025	 0.512	 	
Scarb1	 Scavenger	receptor	class	B,	member	1	 -1.041	 0.533	 	
Nfkbie	 Nuclear	factor	of	kappa	light	polypeptide	gene	enhancer	in	B-cells	inhibitor,	epsilon	 -1.033	 0.555	 	
Ptgs2	 Prostaglandin-endoperoxide	synthase	2	 1.047	 0.585	 	
Tgfb3	 Transforming	growth	factor,	beta	3	 1.185	 0.585	 	
Tnfsf11	 Tumor	necrosis	factor	(ligand)	superfamily,	member	11	 1.064	 0.615	 	
Il2ra	 Interleukin	2	receptor,	alpha	chain	 1.096	 0.646	 	
Traf1	 Tnf	receptor-associated	factor	1	 -1.107	 0.646	 	
Il12b	 Interleukin	12b	 -1.044	 0.678	 	
Mlxipl	 MLX	interacting	protein-like	 -1.059	 0.678	 	
Nfkb2	 Nuclear	factor	of	kappa	light	polypeptide	gene	enhancer	in	B-cells	2,	p49/p100	 1.032	 0.678	 	
Csf2	 Colony	stimulating	factor	2	(granulocyte-macrophage)	 -1.172	 0.710	 	
Cxcr4	 Chemokine	(C-X-C	motif)	receptor	4	 1.142	 0.743	 	
Ptges	 Prostaglandin	E	synthase	 1.039	 0.743	 	
Mrc1	 Mannose	receptor,	C	type	1	 -1.037	 0.771	 	
Cd14	 CD14	antigen	 -1.064	 0.835	 	
Myd88	 Myeloid	differentiation	primary	response	gene	88	 -1.027	 0.844	 	
Relb	 Avian	reticulo	endotheliosis	viral	(v-rel)	oncogene	related	B	 1.008	 0.844	 	
Il6	 Interleukin	6	 -1.017	 0.878	 	
Fasl	 Fas	ligand	(TNF	superfamily,	member	6)	 -1.064	 0.947	 	
Nkiras1	 NFKB	inhibitor	interacting	Ras-like	protein	1	 -1.013	 0.965	 	
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Table	 S6.	 Relative	 expression	 of	 genes	 in	 the	 ileum	of	 mice	 colonized	 with	 the	 IM	 from	 a	
patient	with	severe	alcoholic	hepatitis	(sAH-mice)	versus	without	(noAH-mice).			
LIPID	METABOLISM	 Fold	change	 P	 	
CPT1	 Diacylglycerol	choline	phosphotransferase	 -1.499	 0.008	 *	
MGAT2	 Mannosyl	(α-1,6-)-glycoprotein	beta-1,2-N-acetyl	glucosaminyl	transferase	 -1.345	 0.049	
*	
RXRα	 Retinoid	X	receptor	alpha	 1.177	 0.055	 °	
GPR41	(FFAR3)	 Free	fatty	acid	receptor	3		 -1.631	 0.085	 °	
DGAT1	 Diacylglycerol	O-acyltransferase	1	 -1.161	 0.126	 	
PPARδ	 Peroxisome	proliferator	activator	receptor	delta		 1.138	 0.167	 	
GPR120	(FFAR4)	 Free	fatty	acid	receptor	4	 1.197	 0.198	 	
FABP2/L-FABP	 Fatty	acid	binding	protein	2,	intestinal		 1.399	 0.320	 	
GPR43	(FFAR2)	 Free	fatty	acid	receptor	2		 -1.211	 0.344	 	
CD36/FAT	 CD36	antigen	 -1.269	 0.452	 	
PPARα	 Peroxisome	proliferator	activated	receptor	alpha		 1.057	 0.512	 	
FATP4	 Solute	carrier	family	27	(fatty	acid	transporter),	member	4	 1.121	 0.577	
	
GPR40	(FFAR1)	 Free	fatty	acid	receptor	1	 -1.118	 0.610	 	
PPARγ	 Peroxisome	proliferator	activated	receptor	gamma		 -1.086	 0.610	 	
ACS	(Acsl1)	 Acyl-CoA	synthetase	long-chain	family	member	1		 -1.006	 0.752	 	
FABP4/I-FABP	 Fatty	acid	binding	protein	4,	adipocyte	 1.070	 0.790	 	
INFLAMMATION	 	 	 	
NOS2	 Nitric	oxide	synthase	2,	inducible	(NOS2)	 2.227	 0.004	 *	
CCL11	 Chemokine	(C-C	motif)	ligand	11	 -1.548	 0.014	 *	
VCAM1	 Vascular	cell	adhesion	molecule	1	 -1.245	 0.069	 °	
ICAM1	 Intercellular	adhesion	molecule	1		 -1.241	 0.085	 °	
LITAF	 Lipopolysaccharide-induced	TNF	factor	(LITAF)	 1.287	 0.085	 °	
IL11	 Interleukin	11	 -1.304	 0.182	 	
CXCL5	 Chemokine	(C-X-C	motif)	ligand	5	 -1.255	 0.423	 	
IL23A	 Interleukin	23,	alpha	subunit	p19	 -1.149	 0.544	 	
TLR5	 Toll-like	receptor	5	 -1.166	 0.544	 	
MIP2	 Macrophage	inflammatory	protein	2	 -1.195	 0.645	 	
IL6	 Interleukin	6	 -1.297	 0.680	 	
KC	 Interleukin	8	 -1.139	 0.716	 	
IL1B	 Interleukin	1,	beta	 -1.036	 0.827	 	
TLR4	 Toll-like	receptor	4	 -1.013	 0.942	 	
TLR2	 Toll-like	receptor	2	 1.048	 0.981	 	
INTESTINE	INTEGRITY	 	 	 	
OCLN	 Occludin	 1.205	 0.085	 	
MUC1	 Mucin	1,	cell	surface	associated	 -1.098	 0.344	 	
ZO-1	 Tight	junction	protein	1	 1.019	 0.680	 	
CLDN1	 Claudin	1	 -1.151	 0.752	 	
MICROBIAL	PROTECTION	 	 	 	
Reg3γ	 Regenerating	islet-derived	3	gamma	 1.984	 0.003	 *	
IDO1	 Indoleamine	2,3-dioxygenase	1	(IDO1)	 1.678	 0.008	 *	
Reg3β	 Regenerating	islet-derived	3	beta	 1.447	 0.062	 °	
ALCOHOL	METABOLISM	 	 	 	
ADH1	 Alcohol	dehydrogenase	ADH1	 -1.356	 0.005	 *	
ALDH2	 Aldehyde	dehydrogenase	2,	tandem	duplicate	2	 1.109	 0.104	 	
PNPLA3	 Patatin-like	phospholipase	domain	containing	3	 1.222	 0.512	 	
The	values	shown	are	fold	change	for	sAH-mice	vs	noAH-mice.	Significance	is	calculated	with	the	Mann-Whitney	
test	*P<	0.05	and	°P<	0.1	(N	=	10	mice	per	group).	




Table	 S7.	 Nomenclature,	 sequences	 and	 targets	 of	 probes	 used	 for	 fluorescent	 in	 situ	
hybridization.		
	
Probe	name	 Sequence	(5’®	3’)	 Target	 Fluorochrome	
EUB	338	 GCTGCCTCCCGTAGGAGT	 domain	Bacteria	 5’FITC	
EUB	338	 GCTGCCTCCCGTAGGAGT	 domain	Bacteria	 5’CY5	
NON	EUB	338	 ACATCCTACGGGAGGC	 none	 5’FITC	
NON	EUB	338	 ACATCCTACGGGAGGC	 none	 5’CY5	
Bif164	 CATCCGGCATTACCACCC	 Bifidobacterium	genus	 5’CY5	
Bac303	 CCAATGTGGGGGACCTT	 Bacteroides-Prevotella	group	 5’CY5	








Ato	291	 GGTCGGTCTCTCAACCC	 Atopobium	cluster	and	Coriobacterium	group	 5’CY5	
Enter	1432	 CTTTTGCAACCCACT	 Enterobacteria	 5’CY5	
Erec	482	 GCTTCTTAGTCAGGTACCG	 Clostridium	coccoides	group	 5’CY5	
Strc	493	 GTTAGCCGTCCCTTTCTGG	 Streptococci	and	Lactococci	 5’CY5	
Cdif198+Cperf	191	 TCCATCCTGTACTGGCTCACC	 Clostridium	difficile	and	Clostridium	perfringens	 5’CY5	
Muc	1437	 CCTTGCGGTTGGCTTCAGAT	 Akkermansia	muciniphila	 5’CY5	
Ecyl	387	 CGCGGCATTGCTCGTTCA	 Erysipelotrichi	 5’CY5	


























All	 patients	 were	 admitted	 to	 the	 hepato-
gastroenterology	 department	 of	 Antoine-Béclère	
University	Hospital,	Clamart,	France.	
Alcoholic	 patients	 were	 eligible	 for	 inclusion	 if	 they	
had	consumed	at	 least	50	g	of	alcohol	per	day	over	
the	 previous	 year,	 were	 negative	 for	 hepatitis	 B	
surface	 antigens,	 and	 seronegative	 for	 antibodies	
against	hepatitis	C	virus	(HCV).	All	patients	gave	their	
informed	 consent.	 Exclusion	 criteria	 were	
gastrointestinal	 bleeding,	 bacterial	 infection,	
hepatocellular	 carcinoma	 or	 other	 carcinoma,	 acute	
pancreatitis,	 other	 severe	 associated	 disease,	
diabetes	mellitus,	dyslipidemia,	presence	of	anti-HIV	
antibodies,	and	antibiotic	intake	in	the	last	3	months.		
We	 used	 a	 standardized	 questionnaire,	 to	 collect	
information	 about	 alcohol	 consumption	 [1].	 The	
patients'	 families	 were	 also	 interviewed,	 when	
possible.	 Patients	 were	 questioned	 about	 the	 total	
duration	of	alcoholism	and	their	daily	alcohol	 intake	
during	 the	 five	 years	 preceding	 their	 first	
hospitalization	 due	 to	 alcoholism	 or	 ALD.	 This	
restricted,	 five-year	 time	 period	 was	 imposed	
because	patients	may	have	difficulties	 remembering	
a	 longer	 history	 of	 dietary	 intake	 and	 alcohol	
consumption.	 Questions	 were	 asked	 about	 the	
duration	of	 alcohol	 abuse,	 the	daily	 consumption	of	
beer,	 wine,	 before	 dinner	 drinks	 (aperitifs),	 and	
spirits	 (strong	 liquors),	 and	 the	 types	 of	 aperitifs	
consumed	(aniseed-based	spirits,	whisky,	or	others).	
The	daily	 intake	of	each	beverage	was	 converted	 to	
grams	 of	 pure	 ethanol,	 and	 the	 total	 daily	
consumption	of	ethanol	was	calculated	by	combining	
the	amounts	consumed	for	each	type	of	beverage.	
Alcoholic	 patients	 with	 abnormal	 liver	 function	
underwent	 liver	 biopsy.	 A	 total	 of	 38	 alcoholic	





admission.	 One	 sample	 was	 used	 for	 histological	
assessment.	 The	 staining	 procedure	 included	
hematoxylin-eosin-saffron,	 Masson’s	 trichrome	 and	
picrosirius	stains.	All	biopsy	samples	were	evaluated	
independently	by	two	pathologists	who	were	blind	to	
the	 patient's	 clinical	 and	 biological	 data	 and	 history	
of	 alcohol	 abuse.	 Internationally	 accepted	
morphological	 criteria	 [2]	 were	 used	 for	 this	
evaluation.	 Alcoholic	 hepatitis	 (AH)	 was	 defined	
according	 to	 the	 extent	 of	 damage	 to	 liver	 cells,	
which	 was	 typically	 manifest	 as	 ballooning	
degeneration	 with	 areas	 of	 necrosis	 and	 infiltration	
of	 PMNs.	 A	 scoring	 system	 was	 used	 for	 AH,	
combining	 an	 analysis	 of	 liver	 features	 particular	 to	
alcoholics:	 acidophilic	bodies	 (0:	none;	1:	≤	1/lobule	
or	 nodule;	 2:	 >	 1/lobule	 or	 nodule),	
clarification/ballooning	 of	 hepatocytes	 (0:	 none;	 1:	
not	 in	all	 lobules/nodules;	2:	 in	all	 lobules/nodules),	
Mallory	bodies	(0:	none;	1:	≤	1/lobule	or	nodule;	2:	≥	
2/lobule	or	nodule),	neutrophil	 infiltrate	(0:	none;	1:	
isolated	or	 rare;	2:	marked).	 Steatosis	was	 classified	
into	 five	 grades:	 0:	 none;	 1:	 mild	 (1%	 to	 5%	 of	
hepatocytes);	 2:	 moderate	 (6%	 to	 32%);	 3:	 marked	
(33%	to	66%);	and	4:	severe	(67%	to	100%).	Fibrosis	
was	determined	by	a	modified	METAVIR	score	[2]:	0:	
no	 fibrosis;	 1:	 pericentral	 and/or	 periportal	 fibrosis	
without	 fibrous	 septa;	 2:	 pericentral	 and/or	
periportal	 fibrosis	 with	 few	 fibrous	 septa;	 3:	 many	
fibrous	 septa	 without	 cirrhosis;	 and	 4:	 cirrhosis.	
Patients	 were	 classified	 into	 three	 categories	
according	 to	 the	 presence	 and	 the	 severity	 or	 the	
absence	 of	 AH:	 i)	 severe	 AH	 (sAH,	 n=10):	 score	 ≥	 6	
and	neutrophil	infiltrate	score	≥	1;	ii)	non-severe	AH:	
score	 <	 6	 and	 >	 2	 (nsAH,	 n=12)	 or	 score	 ≥	 6	 but	
without	neutrophil	infiltrate,	iii)	no	AH	(noAH,	n=16):	
score		≤	2		or	patients	with	normal	aminotransferase	
levels	 and	no	evidence	of	 cirrhosis	 (normal	bilirubin	
level,	 prothrombin	 time	 >85%,	 no	 liver	 dysmorphy,	





Humanization	 of	 germ-free	 mice	 and	 alcohol	
feeding.Five-week	 old	 female	 germ-free	 C57BL/6J	
mice	 were	 used	 for	 the	 intestinal	 microbiota	
transplant	 experiment.	 These	 mice	 were	 born	 and	
raised	 at	 ANAXEM,	 the	 germ-free	 facilities	 of	 the	
Micalis	 Institute	 (INRA,	 Jouy-en-Josas,	 France).	 The	
mice	 were	 maintained	 in	 sterile	 isolators,	 and	 kept	
separate	from	germ-free	breeding	pairs.	
Two	groups	of	15	mice	were	colonized	by	oral-gastric	
gavage	 with	 the	 diluted	 feces	 from	 an	 alcoholic	
patient:	 either	 a	 patient	 with	 severe	 alcoholic	
hepatitis	(sAH-mice)	or	a	patient	with	no	evidence	of	
alcoholic	hepatitis	(noAH-mice).	Mice	were	housed	in	
one	 independent	 germ-free	 isolator	 per	 group	 and	
maintained	 in	 individual	 cages	 throughout	 the	
experiment	 such	 that	 daily	 food	 intake	 could	 be	
monitored	for	each	animal.	Two	weeks	after	transfer	
of	 the	microbiota,	 the	mice	were	 gradually	 adapted	
to	 the	 modified	 Lieber-DeCarli	 (LDC)	 diet	 (BioServ,	
Canada)	provided	by	feeding	tubes	(BioServ,	Canada).	
The	diet	was	35%	(calorific	content)	fat	(corn	oil),	12%	
carbohydrate,	 18%	 protein,	 and	 35%	 isocaloric	
maltose	dextrin	mixed	with	ethanol	 (table	S8).	After	
one-week	 acclimation,	 the	 mice	 were	 adapted	 to	
ethanol	by	progressively	 increasing	its	concentration	
in	 their	 diet	 to	 3%.	 Mice	 were	 then	 fed	 this	 diet	
containing	 3%	 ethanol	 for	 five	 weeks,	 after	 which	
they	 were	 euthanized.	 Feces	 were	 collected	 two	
weeks	 after	 microbiota	 transfer,	 and	 immediately	
before	euthanasia.	In	vivo	intestinal	permeability	was	
assessed	 the	 day	 before	 euthanasia.	 At	 the	 time	 of	
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death,	 blood	 was	 collected	 from	 the	 retro-orbital	
lobe	 and	 serum	 was	 prepared	 and	 kept	 at	 -20ºC.	
Sections	 of	 liver	 were	 prepared	 for	 histological	
analysis,	 gene	 expression	 assays,	 and	
characterization	of	immunocompetent	cells.	Sections	
of	 ileum	 were	 prepared	 for	 histological	 analysis,	
immunohistochemical	 staining	 of	 Muc2,	 FISH	 of	
translocating	 bacteria	 and	 gene	 expression	 assays.	
Visceral	 adipose	 tissue	 was	 dissected	 and	 prepared	
for	 the	 characterization	 of	 infiltrating	
immunocompetent	 cells.	 Mesenteric	 lymph	 nodes	
were	snap	frozen	in	liquid	nitrogen	for	quantification	
of	 translocating	 bacteria	 and	 prepared	 for	 the	
characterization	 of	 infiltrating	 immunocompetent	
cells.	 Animal	 care	 was	 provided	 in	 accordance	 with	
National	 Institute	 of	 Health	 guidelines	 and	 with	
authorization	 78-60	 from	 the	 French	 Veterinary	
Services.	
	
Humanization	 of	 conventional	 mice	 and	 alcohol	
feeding.	 To	 ensure	 the	 implantation	 of	 human	




1h	 later,	 were	 subjected	 to	 intestinal	 purge	 by	 oral	
gavage	with	four	doses	of	1ml	of	polyethylene	glycol,	
the	 doses	 separated	 by	 20	minutes	 (PEG,	Macrogol	




as	 described	 above.	 After	 this	 human	 intestinal	
microbiota	 transplantation,	 mice	 were	 allowed	
access	 to	 food	 and	 water.	 To	 maintain	 the	 human	
microbiota	in	mice,	300µl	of	dilutions	of	patient	feces	
was	 administered	 twice	 a	 week	 throughout	 the	
experiments.		
Eight-week	 old	 mice	 were	 fed	 for	 21	 days	 with	 a	
liquid	diet	adapted	from	Lieber-DeCarli,	as	described	
by	 Gustot	 et	 al.	 [3]	 ,	 Ki	 et	 al.	 [4]	 and	 based	 on	 the	




to	 the	 animal	 facility	 and	 a	 7-day	 adaptation	 to	 the	
semi-liquid	diet,	mice	were	given	 increasing	ethanol	
concentrations	 for	 7	 days	 (1%	 increase	 every	 two	
days).	The	final	concentration	of	ethanol	in	this	liquid	
diet	 was	 5%	 (vol/vol),	 such	 that	 ethanol	 accounted	
for	 28%	 of	 the	 total	 caloric	 intake.	 The	 control	 diet	
was	 obtained	 by	 replacing	 the	 ethanol	 by	 an	
isocaloric	amount	of	maltodextrin	(Maldex	150,	safe,	
France).	Alcoholized	groups	were	allowed	free	access	
to	 the	 5%	 (vol/vol)	 ethanol	 diet	 for	 7	 days.	 Control	






and	 then	embedded	 in	 paraffin.	 Paraffin	 sections	 (4	
μm	 thick)	were	 stained	with	 hematoxylin	 and	 eosin	
(H&E).	Immunohistochemical	staining	was	done	with	
paraffin	 sections	 using	 Abs	 against	Mucin	 2	 (H-300)	
(SC-15334,	 Santa	 Cruz	 Biotechnology,	 Tébu-bio	 SAS,	
France)	 and	 the	 pan-T	 cell	 marker	 CD3	 (3256-1,	
Epitomics,	Burlingame,	California).	The	sections	were	
washed	 and	 incubated	 with	 an	 appropriate	
biotinylated	 secondary	 Ab	 and	 then	 with	
streptavidin-horseradish	 peroxidase	 complex	 (LSAB	
kit,	 Dako	 France,	 Trappes,	 France).	 Sections	 were	
then	 counterstained	 with	 hematoxylin.	 Negative	
controls	involved	following	the	same	procedure	with	
omission	 of	 the	 primary	 Ab.	 Images	 were	 obtained	
using	a	Leica	DMLA	microscope	(Leica	Microsystems)	
equipped	 with	 Fluostar	 optic	 objectives,	 at	 the	
indicated	 magnification,	 and	 were	 digitized	 directly	
with	a	Leica	camera	DFC	450C	and	kit	software.		
Steatosis	 was	 assessed	 semi-quantitatively	 and	
classified	into	five	grades:	none	=	0;	mild	=	1	(1%	to	5%	
of	hepatocytes);	moderate	=	2	(6%	to	32%);	marked	=	
3	 (33%	 to	 66%);	 and	 severe	 =	 4	 (67%	 to	 100%).	
Necrosis	was	classified	as	absent	(score	0)	or	present	
(score	1).	
Intestinal	 disease	 in	 recipient	mice	was	 assessed	 by	




at	 the	 top	of	villi,	3:	 total	necrosis	of	villi	with	crypt	
conservation,	4:	total	necrosis	of	mucosa.	We	applied	
a	 semi-quantitative	 scale	 to	 score	 inflammation	 as	
follows:	 0:	 no	 infiltrate,	 1:	 slight	 infiltrate,	 2:	
moderate	 infiltrate.	 The	 mean	 scores	 for	 these	
various	pathological	features	were	summed	for	each	
mouse	 group	 to	 obtain	 a	 final	 necroinflammation	
score.	 Muc2	 production	 by	 goblet	 cells	 was	 semi-
quantified	 according	 to	 the	 area	 of	 positive	 Muc2	
immunostaining.	 At	 least	 six	 high-power	 fields	were	













quantified	 and	 their	 cell	 surface	 antigens	 were	
examined	 as	 described	 previously	 [6].	 Non	
parenchymatous	 cells	 were	 stained	 with	 the	
following	antibodies:	V500-conjugated	 rat	anti-CD45	
monoclonal	 Ab,	 PE-conjugated	 hamster	 anti-CD3	
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monoclonal	 Ab;	 FITC-conjugated	 rat	 anti-CD8b2	
monoclonal	 Ab;	 APC-conjugated	 mouse	 anti-NK1.1	
monoclonal	 Ab;	 and	 V450-conjugated	 rat	 anti-CD4	
monoclonal	 Ab	 (Pharmingen,	 San	 Diego,	 California).	
Results	were	analyzed	with	a	Fortessa	LSR-II	machine	
(Becton	 Dickinson	 Immunocytometry	 Systems,	 New	
Jersey).	
	
Analysis	 of	 the	 gut	 microbiota	 composition	 by	
Fluorescent	 in	 situ	 Hybridization	 combined	 with	
Flow	Cytometry	(FISH-FCM)		
Fecal	 samples	were	 collected	 at	 various	 times	 from	
alcoholic	patients	and	from	mice	fed	an	alcohol	diet.	
Samples	were	fixed	as	previously	described	[7].	A	set	
of	 12	 probes	 (Thermo	 Fisher	 Scientific	 GmbH,	 Ulm,	
Germany)	 targeting	 bacterial	 16S	 rRNA	was	 used	 to	
assess	 the	 relative	proportions	of	 intestinal	 bacteria	
from	 different	 phylogenetic	 groups	 with	 respect	 to	
the	 total	 bacteria	 assessed	by	 an	universal	 bacterial	




Microbiota	 compositon	 was	 deeply	 analyzed	 using	
454	 pyrosequencing	 targeting	 the	 16S	 rDNA	 V3-V4	
region	 (V3fwd:	 5’	 TACGGRAGGCAGCAG	3’,	 V4rev:	 5’	
GGACTACCAGGGTATCTAAT	 3’).	 A	 total	 of	 22	 DNA	
samples,	 corresponding	 to	 the	 two	 fecal	 samples	
from	 human	 donors	 used	 for	 inoculation,	 and	 fecal	
samples	from	10	recipient	mice	per	microbiota	were	
sequenced	at	Genoscreen	(Genoscreen,	Lille,	France)	




quality	 threshold	 set	 at	 27	 and	 a	maximum	 of	 15%	
tolerated	 low	 quality	 bases	 and	 N	 on	 the	 overall	
sequence	 length.	 Using	 QIIME,	 sequences	 were	
further	clustered	in	at	97%	of	 identity	 in	OTUs	using	
cdhit	and	representative	sequences	were	assigned	to	
different	 taxonomic	 levels	 (from	 phylum	 to	 genus)	
using	 the	 RDP	 database	 (release	 10,	 update	 26).	
OTUs	were	assigned	 to	 closest	 taxonomic	neighbors	
and	 relative	 bacterial	 species	 using	 SEQMATCH	 and	
up-to-date	 16S	 rRNA	 gene	 RDP	 database.	 Estimates	
of	phylotypes	 richness	and	diversity	were	calculated	
using	 both	 Shannon	 and	 Simpson	 indices	 on	 the	
rarefied	 OTU	 table	 (1	 000	 sequences).	 All	 statistical	
analyses	were	performed	using	R	program	and	ade4	
package	 (Package	 ade4;	 http://pbil.univ-
lyon1.fr/ADE-4/).	Wilcoxon	test	was	applied	to	assess	
statistical	 significance	 in	 bacterial	 composition	
between	 the	different	 samples.	Based	on	 inter-class	
PCA,	 statistical	 p-values	 of	 the	 link	 between	 the	
different	mice	 groups	 and	 bacterial	 genus	microbial	
profiles	was	 assessed	using	 a	Monte-Carlo	 rank	 test	
(1000	 replicates).	 The	 Monte-Carlo	 test	 is	 a	
multivariate	 and	 non	 parametric	 test	 based	 on	
random	permutations.	This	asymptotically	equivalent	
permutation	test	is	created	when	there	are	too	many	
possible	 orderings	 of	 the	 data	 to	 allow	 complete	
enumeration	 in	 a	 convenient	 manner.	 The	 Monte-
Carlo	 sampling	 takes	 a	 small	 (relative	 to	 the	 total	
number	 of	 permutations)	 random	 sample	 of	 the	
possible	 replicates	 and	 test	 the	 null	 hypothesis	 that	
there	 are	 no	 significant	 differences	 in	 genus	
distribution	 between	 the	 different	 defined	 groups.	
When	the	Monte-Carlo	test	p-value	is	less	than	0.05,	
one	 can	 confidently	 reject	 the	 null	 hypothesis	 that	




RNA	 extraction	 and	 quality	 control	 Total	 RNA	 was	
extracted	from	the	ileum	of	recipient	mice	using	the	
mirVana	 miRNA	 isolation	 kit	 according	 to	 the	
manufacturer’s	 instructions	 (Ambion,	 France).	 Total	
RNA	was	 extracted	 from	 the	 liver	 of	 recipient	mice	
using	the	RNeasy	Lipid	Tissue	Mini	Kit	(Qiagen,	Hilden,	
Germany)	according	 to	 the	manufacturer’s	protocol.	
For	 all	 samples,	 RNA	 quantity	 was	 assayed	 with	 a	
NanoDrop	 1000	 spectrophotometer	 (Thermo	
Scientific,	 France).	 The	 quality	 of	 RNA	was	 assessed	
by	determining	the	RNA	Integrity	Number	(RIN)	on	a	
Eukaryote	 RNA	 Nano	 Chip	 with	 a	 2100	 Bioanalyzer	
(Agilent	Technologies,	Santa	Clara,	USA).	
	
Reverse	 transcription	 Total	 RNA	 was	 reverse	
transcribed	 with	 the	 High	 capacity	 cDNA	 Reverse	
Transcription	(RT)	kit	(Applied	Biosystems,	Foster	City,	




microfluidic	 TLDAs	 (Applied	 Biosystems,	 Foster	 City,	
CA)were	 designed	 to	 quantify	 mRNA	 transcribed	
from	48	genes	that	are	either	involved	in	metabolism	
(lipid,	 alcohol)	 or	 in	 inflammation	and	were	used	 to	
assess	gene	expression	in	10	ileum	samples.	For	liver	
samples,	 two	 different	 types	 of	 array	 cards	 were	
used;	one	comprised	48	target	genes,	used	for	eight	
samples	and	the	other	96	target	genes,	used	for	four	
samples	 (see	 supplementary	 data	 for	 target	 genes).	
TLDA	 array	 cards	 were	 prepared	 and	 used	 as	
indicated	 in	 the	manufacturer’s	 instructions.	 An	ABI	
Prism	7900HT	 Sequence	Detection	 System	with	 SDS	
Software	 2.4	 was	 used	 for	 thermal	 cycling	 and	
fluorescence	detection.		
	
Data	 analysis	The	 raw	 data	 from	 the	 Prism	 7900HT	
Sequence	 Detection	 System	 was	 imported	 into	 RQ	
manager	 v1.2.1	 (Applied	 Biosystem,	 Foster	 City,	
California)	 to	 verify	 amplification	 and	 threshold	
values.	 GenEx	 v5.4.0.513	 (MultiD	 Analyses	 AB,	
Gothenburg,	 Sweden)	 software	 was	 used	 for	
statistical	 analysis	 and	 for	 calculation	 of	 optimal	
endogenous	 controls.Quantification	 and	 expression	
data	 were	 processed	 with	 suitable	 reference	 genes	
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(RG)	 for	 normalization.	 Reference	 genes	 were	
evaluated	by	Cq	stability	and	variability	testing	using	
the	 GenNorm	 and	 Normfinder	 algorithms.	 The	
geometric	mean	of	two	RG	was	used	as	the	reference	
index.	Gapdh	 and	Hprt	 were	 used	 to	 normalize	 the	
96	Assay	TLDA	(liver	samples).	For	the	liver	sample	48	
Assay	 TLDA,	 Gapdh	 and	 Ubc	 were	 used	 for	
normalization.	 For	 the	 ileum	 sample	 48	 Assay	 TLDA	
Hprt1,	ActB,	 and	Ubc	were	used.	The	Rq	model	was	
used	 for	 normalization	 and	 thus	 relative	









The	 fecal	 metabolome	 was	 analyzed	 by	 a	 liquid	
chromatography-mass	 spectrometry	 based	
procedure	 as	 previously	 described	 [10].	 Preparation	
was	 performed	 at	 4°C.	 Fecal	 samples	 were	 diluted	
1:60	 in	 50mM	 phosphate	 buffer	 (pH	 8),	 and	
centrifuged.	 The	 supernatant	 (i.e.	 fecal	 water)	 was	
collected	 and	 acidified	 to	 pH	 4.5	 using	 0.1%	 formic	
acid	 in	 water.	 Then,	 fecal	 water	 samples	 were	
subjected	 to	 SPE	 chromatography	 (solid	 phase	
extraction	with	cation	exchange	process)	and	eluted	
with	 methanol.	 The	 eluate	 was	 used	 directly	 for	
LC/MS	 analyses.After	 spectral	 acquisition	 on	 LC/Q-
ToF	 (high	 resolution	 mass	 spectrometry	 using	
quadripole	 -	 time	 of	 flight	 mass	 selection),	 data	
extraction	was	performed	using	the	XCMS	R	package.	
Multivariate	 analyses	 with	 SIMCA-P	 software	
(Umetrics,	 Umeå,	 Sweden)	 were	 used	 to	 study	 the	
resulting	 matrix.	 After	 the	 first	 PCA	 and	 PLS-DA	
filtering,	variables	 important	 in	 the	projection	 (VIPs)	
were	 isolated	 for	 another	 PLS-DA	 modeling,	
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Ce	 travail	 traite	 de	 la	 protéine	 GILZ	 (pour	 l’anglais	Glucocorticoid-Induced	 Leucine	
Zipper),	 qui	 est	 exprimée	 dans	 les	 monocytes	 /	 macrophages,	 donc	 dans	 la	 KC.	 Cette	
protéine	 qui	 est	 induite	 par	 le	 récepteur	 de	 glucocorticoïde	 (GR)	 est	 impliquée	 dans	
plusieurs	processus	inflammatoires.	L'hypothèse	émise	dans	ce	travail	est	que	l'axe	GR-GILZ	
dans	 les	KC	peut	contribuer	à	 la	physiopathologie	de	 l'inflammation	hépatique	 induite	par	
l'obésité.	
	
Dans	 ce	 contexte,	 des	 cultures	 de	 cellules	 primaires,	 avec	 ou	 sans	 composés	
pharmaceutiques	 induisant	 GILZ	 ont	 été	 utilisées.	 Pour	 les	 études	 in	 vivo,	 des	 souris	
déficientes	 pour	 le	 GR	 et	 des	 souris	 transgéniques	 surexprimant	 GILZ,	 toutes	 deux	
spécifiquement	 dans	 les	macrophages,	 ont	 été	 utilisées	 et	 une	 obésité	 a	 été	 induite.	 Des	
traitements	inhibant	le	récepteur	de	la	GR	ont	été	utilisés	chez	ces	souris.		
	
L'obésité	 a	 été	 associée	 à	 une	 régulation	 négative	 du	 GR	 et	 une	 diminution	 de	
l’induction	 de	 la	 protéine	 GILZ	 dans	 la	 KC.	 L'inhibition	 de	 l'expression	 de	 GILZ	 dans	 la	 KC	
isolée	 transfectée	 avec	 un	 siRNA	 démontrait	 que	 la	 régulation	 négative	 de	 GILZ	 était	
suffisante	 pour	 sensibiliser	 la	 KC	 au	 LPS.	 Inversement,	 les	 souris	 obèses	 transgéniques	
surexprimant	 GILZ	 spécifiquement	 dans	 les	 macrophages	 présentaient	 une	 diminution	 de	
l’inflammation	hépatique.	L'inhibition	pharmacologique	du	GR	a	montré	que	l’expression	de	
GILZ	 dans	 la	 KC	 induit	 par	 le	 LPS	 était	 également	 diminuée	dans	 l'obésité.	 Chez	 les	 souris	
déficientes	 pour	 le	 GR	 spécifiquement	 dans	 les	 macrophages,	 l'expression	 de	 GILZ	 était	
faible,	conduisant	à	une	exacerbation	de	l'inflammation	du	foie	induite	par	l'obésité.	
L'obésité	est	associée	à	une	régulation	négative	de	l'axe	GR-	GILZ	dans	les	cellules	de	
Kupffer,	 ce	 qui	 favorise	 l'inflammation	 du	 foie.	 L'axe	 GR-GILZ	 dans	 la	 KC	 est	 une	 cible	
importante	pour	la	régulation	de	l'inflammation	du	foie	dans	l'obésité.	
	
Dans	 ce	 travail,	 j’ai	 participé	 à	 différentes	 expérimentations.	 J’ai	 effectué	 les	
western	 blost	 pour	 l’expression	 de	 GILZ	 des	 souris	 transgéniques.	Mes	 connaissances	 et	
mon	 expérience	 avec	 les	 KC	m’ont	 permis	 d’isoler	 les	 KC	 dans	 les	 différents	modèles	 de	




























Background	 &	 Aim.	 Kupffer	 cells	 (KC)	 play	 a	 key	
role	 in	 the	onset	of	 inflammation	 in	non-alcoholic	
steatohepatitis	 (NASH).	 The	 glucocorticoid	
receptor	 (GR)	 induces	 glucocorticoid-induced	
leucine	 zipper	 (GILZ)	 expression	 in	
monocytes/macrophages	and	is	involved	in	several	
inflammatory	processes.	We	hypothesized	that	the	
GR-GILZ	 axis	 in	 KC	 may	 contribute	 to	 the	
pathophysiology	 of	 obesity-induced	 liver	
inflammation.	
Methods.	 By	 using	 a	 combination	 of	 primary	 cell	
culture,	 pharmacological	 experiments,	 mice	
deficient	 for	 the	 GR	 specifically	 in	 macrophages	
and	 transgenic	 mice	 overexpressing	 GILZ	 in	
macrophages,	we	explored	the	involvement	of	the	
GR-GILZ	 axis	 in	 KC	 in	 the	 pathophysiology	 of	
obesity-induced	liver	inflammation.	
Results.	 Obesity	 was	 associated	 with	 a	
downregulation	 of	 the	 GR	 and	 GILZ,	 and	 an	
impairment	of	GILZ	induction	by	lipopolysaccharide	
(LPS)	and	dexamethasone	(DEX)	in	KC.	Inhibition	of	
GILZ	 expression	 in	 isolated	 KC	 transfected	 with	
GILZ	siRNA	demonstrated	that	GILZ	dowregulation	
was	 sufficient	 to	 sensitize	 KC	 to	 LPS.	 Conversely,	




LPS	 and	 DEX	 in	 obesity	 was	 driven	 by	 a	
downregulation	 of	 the	 GR.	 In	 mice	 specifically	
deficient	 for	 GR	 in	 macrophages,	 GILZ	 expression	
was	 low,	 leading	 to	 an	 exacerbation	 of	 obesity-
induced	liver	inflammation.	
Conclusion.	 Obesity	 is	 associated	 with	 a	
downregulation	of	the	GR-GILZ	axis	in	Kupffer	cells,	
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INTRODUCTION	
Non-alcoholic	 fatty	 liver	 disease	 (NAFLD)	 is	
one	of	the	main	causes	of	 liver	disease	in	western	




Resident	 macrophages	 of	 the	 liver,	 Kupffer	
cells	 (KC),	 play	 a	 key	 role	 in	 the	 onset	 of	 non-
alcoholic	 steatohepatitis	 (NASH)	 [2].	 Increased	
intestinal	 permeability	 and	 tight	 junction	
abnormalities	 in	NAFLD	 lead	 to	 circulation	of	 gut-
derived	 lipopolysaccharide	 (LPS)	 in	 the	portal	vein	
inducing	 KC	 activation	 [3].	 Their	 immune	
phenotype	 can	 lead	 to	 production	 of	
proinflammatory	 cytokines	 and	 chemokines	
thereby	 regulating	 liver	 inflammation	 [4,	 5]	 or	
improve	metabolic	 syndrome	and	 type	2	diabetes	
[6].	Obese	mice	display	an	enhanced	sensitivity	to	
endotoxin-induced	 lethality,	 and	 we	 have	 shown	
that	 LPS	 induces	 recruitment	 of	 B	 and	 T	
lymphocytes	into	the	liver	of	obese	mice	[7].	




family	 [8].	GILZ	 is	produced	 in	healthy	subjects	by	
cells	 of	 the	 monocyte/macrophage	 lineage	 [9],	
which	 includes	 KC	 [10],	 and	 inhibits	 the	 nuclear	
factor-κB	 (NF-κB)	 and	 activator	 protein	 1	 (AP-1)	
inflammatory	 pathways	 [11,	 12].	 Moreover,	 GILZ	
inhibits	 the	 production	 of	 CCL-3	 and	 CCL-5	 in	 the	
THP-1	monocytic	cell	line	challenged	by	LPS	[9].		
As	a	consequence,	we	hypothesized	that	GILZ	
expression	 in	 KC,	 and	 its	 inducer,	 the	
glucocorticoid	receptor	(GR),	may	contribute	to	the	
pathophysiology	of	NAFLD.	By	using	a	combination	
of	 primary	 cell	 culture,	 pharmacological	
experiments,	 transgenic	mice	 overexpressing	 GILZ	
in	 macrophages	 and	 mice	 specifically	 deficient	 in	
the	 GR	 in	macrophages,	 we	 demonstrated	 that	 a	
downregulation	of	the	GR-GILZ	axis	in	KC	is	directly	
responsible	 for	 an	 increased	 secretion	 of	
proinflammatory	 cytokines	 and	 chemokine	 in	 the	
liver	 of	 obese	 mice.	 Our	 study	 provides	 the	 first	
evidence	that	in	obesity,	GILZ	and	GR	expression	in	





Generation	 of	 mice	 overexpressing	 GILZ	 in	
macrophages	
The	 hCD68	 promoter	 was	 recovered	 from	
pDRIVE03-CD68(h)	 (Invivogen,	 Toulouse,	 France),	
and	 the	 enhancer	 HIVS1	 was	 amplified	 from	
human	 DNA	 using	 the	 sequence	 previously	
described	[13].	The	transgene	construct	was	made	
by	 inserting	 a	 2000-base-pair	 cDNA	 fragment	
containing	 hCD68-HIVS1-GILZ	 into	 the	 pCDNA3	
expression	 vector	 (Fig	 S1.A).	 The	 construct	 was	
injected	 into	 fertilized	 C57BL/6	 mouse	 embryos.	
Mice	 overexpressing	 GILZ	 (GILZ-Tg)	 in	 CD68	
expressing	 cells	 (mainly	 corresponding	 to	
monocyte/macrophage	 lineage)	 were	 compared	
with	 control	 littermates	 (non-Tg).	 Two	










for	 the	 Care	 and	 Use	 of	 Laboratory	 Animals	
(National	Research	Council,	1996).	They	were	fed	a	
standard	 diet	 consisting	 of	 4.3%	 lipid	 and	 70%	
carbohydrate	(Altromin,	Lage,	Germany),	or	a	high	
fat	 diet	 (HFD)	 consisting	 of	 60%	 lipid,	 and	 20%	
carbohydrate	 (SSNIFF,	 Soest,	 Germany),	 all	
supplied	ad	libitum.	
Five-week-old	male	 C57BL/6	ob/ob	mice	 and	 lean	
littermates	 were	 purchased	 from	 Janvier	 (Le	
Genest	 St.	 Isle,	 France).	 “Non-obese	 ob/ob”	 mice	
were	supplied	daily	with	the	same	caloric	intake	as	
lean	controls,	and	experiments	were	performed	on	
12-week-old	 mice	 as	 described	 previously	 [7].	







2%,	 Centravet,	 Maisons-Alfort,	 France)	 and	
ketamine	 (Imalgene,	 Centravet,	 Maisons-Alfort,	
France)	before	sacrifice.	
Glucose	sensitivity	was	assessed	by	an	oral	glucose	
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medium	 isolated	 cells	 as	 described	 previously	 [4].	
Cell	viability	was	evaluated	by	trypan	blue	staining.	
Bone	marrow-derived	macrophages	(BMDM)	were	
generated	 from	 bone	 marrow	 cells	 from	 GILZ-Tg	
and	non-Tg	littermate	mice.	The	cells	were	washed	
with	 serum-free	 RPMI	 1640	 medium	 and	 the	
resultant	 bone	 marrow	 cells	 were	 incubated	 at	
3.106	 cells/well	 in	 RPMI	 1640	 medium	
supplemented	 with	 15%	 L-CSF,	 10%	 SVF,	 2%	
penicillin/streptomycin	 for	 3	 days.	 Non-adherent	
cells	were	removed	on	day	5,	and	the	BMDM	were	






GILZ	 expression	 was	 inhibited	 by	 transfecting	 KC	
with	 small	 interfering	 RNAs	 (siRNAs)	 specific	 for	
the	 GILZ	 gene;	 KC	 (2.105cells/well)	 were	
transfected	with	2	μg/well	of	GILZ	siRNA	or	control	
siRNA	 (Qiagen,	 Courtabœuf,	 France)	 by	 the	
lipofectamine	 method	 using	 X-tremeGENE	 siRNA	
transfection	 reagent	 according	 to	 the	
manufacturer's	 instructions	 (Roche	 Diagnostics,	
Meylan,	France).	The	sequences	of	the	siRNA	were	
the	 following:	 GILZ	 siRNA,	 5ʹ-CGC	 CAA	 AGC	 CUA	
UCC	UAU	AdTdT-3ʹ;	 control	 siRNA	with	 no	 known	
specificity,	5ʹ-UUC	UCC	GAA	CGU	GUC	ACG	UdTdT-
3ʹ.	Six	hours	after	transfection,	the	culture	medium	
was	 removed	 and	 the	 cells	 were	 cultured	 for	 24	
hours	 in	 the	presence	or	 absence	of	 1	µg/mL	 LPS	
from	E.	coli	serotype	O55:	B5	in	RPMI,	10%	SVF,	1	




Total	 RNA	 was	 extracted	 from	 KC	 using	
RNeasy	Plus	Mini	kit	and	total	RNA	from	liver	was	
extracted	 using	 RNeasy	 Lipid	 Tissue	 Mini	 kit	
(Qiagen,	 Courtaboeuf,	 France)	 referring	 to	
manufacturer’s	 protocol.	 Up	 to	 5µg	 of	 total	 RNA	
were	 reverse	 transcribed	 by	 Moloney	 murine	
leukemia	 virus	 reverse	 transcriptase	 (Invitrogen,	
Carlsbad,	CA)	with	random	hexamers	or	poly-d(T)15	
(Roche	Diagnostics,	Meylan,	France).	
GILZ,	 CCL-2	 and	 IL-6	 mRNA	 were	 quantified	 by	
quantitative	 real-time	 PCR	 (RT-PCR)	 on	 a	
LightCycler®	480	Instrument	using	the	DNA	Master	
SYBR®	 Green	 kit	 (Roche	 Diagnostics)	 as	 described	
previously	 [10].	 Values	 were	 normalized	 to	 those	
for	18S	 rRNA	and	are	expressed	as	a	fold	 increase	
of	the	GILZ	or	CCL-2	or	IL-6	mRNA	/18S	rRNA	ratio.	
GR	 mRNA	 was	 assayed	 by	 semi-quantitative	 RT-
PCR	 as	 described	 previously	 [15].	 Results	 were	
normalized	 to	 those	 for	 18S	 rRNA	 and	 are	
expressed	as	a	 fold	 increase	of	 the	GR	mRNA/18S	
rRNA	 ratio.	 The	 primers	 used	were	 the	 following:	
GILZ	forward	5'-CAG	CAG	CCA	CTC	AAA	CCA	GC-3',	
reverse	5'-ACC	ACA	TCC	CCT	CCA	AGC	CAG-3';	CCL-
2	 forward	 5'-AGG	 TCC	 CTG	 TCA	 TGC	 TTC	 TG-3',	
reverse	 5'-TCT	 GGA	 CCC	 ATT	 CCT	 TCT	 TG-3';	 IL-6	
forward	 5'-GTT	 CTC	 TGG	 GAA	 ATC	 GTG	 GA-3',	
reverse	 5'-TGT	 ACT	 CCA	 GGT	 AGC	 TAT	 GG-3';	 GR	
forward	 5'-TTC	 TGT	 TCA	 TGG	 CGT	 GAG	 TAC	 C-3',	
reverse	5'-CCC	TTG	GCA	CCT	ATT	CCA	GTT-3';	11β-
HSD1	 forward	5'-CCT	TGG	CCT	CAT	AGA	CAC	AGA	





Cells	 were	 lyzed	 and	 proteins	 were	 separated	 as	
described	 previously	 [16].	 Primary	 rabbit	
polyclonal	 antibody	 (Ab)	 recognizing	 GILZ	 was	
provided	by	M.	Pallardy	(INSERM	U996,	Châtenay-
Malabry,	 France).	An	anti-Lamin	A	monoclonal	Ab	
(Santa	 Cruz	 biotechnology,	 USA)	 was	 used	 as	 a	
control.	 Scan	 Analysis	 software	 (Biosoft,	




Cytokine	 and	 chemokine	 concentrations	 were	
determined	 using	 enzyme-linked	 immunosorbent	
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Quantification	 and	 phenotyping	 of	 lymphocytes	
infiltrating	the	liver	
Lymphocytes	were	 isolated	 from	mouse	 liver	by	a	
2-step	 perfusion	 procedure	 and	 were	 quantified	




mouse	 anti-NK1.1	 monoclonal	 Abs;	 and	 PerCP-
Cy5.5-conjugated	hamster	anti-CD3	monoclonal	Ab	
(Pharmingen,	 San	 Diego,	 CA).	 Results	 were	





MO)	 or	 0.5µg/g	 LPS	 in	 PBS	 were	 injected	
intraperitoneally.	 Mice	 were	 sacrificed	 4	 hours	
after	 DEX	 stimulation	 or	 24	 hours	 after	 LPS	
stimulation.	
GR	was	inhibited	1h	prior	to	DEX	or	LPS	stimulation	
with	 100µg/g	 RU486	 in	 peanut	 oil	 (mifepristone,	
Sigma–Aldrich,	 St.	 Louis,	 MO)	 injected	




All	 graphs	 show	means	 ±	 SEM.	 Quantitative	 data	
were	 compared	 using	 non-parametric	 Mann-
Whitney	 test	 and	 Kruskal-Wallis	 post-hoc	 ANOVA	
Fisher’s	PLSD	test.	Two	sided	tests	were	performed	
and	 only	 P-values<0.05	 were	 considered	
significant.	 A	 spearman	 rank	 correlation	 test	 was	




GILZ	 expression	 is	 decreased	 in	 the	 liver	 and	 in	
Kupffer	cells	in	obesity.	
We	 investigated	 GILZ	 expression	 level	 in	
obesity.	To	this	end,	and	to	study	the	contribution	
of	 obesity	 itself	 and	 not	 leptin-deficiency,	 we	
compared	GILZ	expression	in	livers	of	obese	(ob/ob	
and	 HFD-fed	 mice)	 and	 lean	 mice	 (non-obese	
ob/ob	 fed	 with	 a	 controlled	 caloric	 intake,	 and	
control	diet-fed	mice,	respectively).	Of	note,	at	the	
age	of	12	weeks,	non-obese	ob/ob	mice	showed	a	
similar	 weight	 to	 that	 of	 lean	 controls	 (data	 not	
shown).	 We	 found	 that	 GILZ	 expression	 was	
reduced	 in	 the	 liver	 of	 both	 ob/ob	 and	 HFD-fed	
mice	but	not	 in	 lean	mice	(Fig.	1.A).	To	assess	the	
relevance	 of	 our	 results	 to	 human	 NAFLD,	 we	
evaluated	 GILZ	 expression	 in	 the	 liver	 of	 25	
consecutive	 hospitalized	 patients	 with	 NAFLD.	 All	
these	 patients	 had	 histological	 liver	 abnormalities	
characteristic	 of	 NAFLD.	 Liver	 biopsies	 were	
classified	 according	 to	 the	 NAFLD	 activity	 score	
(NAS)	 [17].	 There	 was	 a	 negative	 correlation	
between	the	GILZ	expression	level	and	the	severity	
of	NAS	(r2=0.169;	p<0.05)	(Fig.	1.B).	We	tested	the	




GILZ	 gene	 [10].	 Therefore,	 we	 explored	 whether	
the	weak	GILZ	expression	in	the	liver	of	obese	mice	
was	 associated	 with	 a	 specific	 decreased	
expression	in	KC.	GILZ	mRNA	and	protein	were	less	
abundant	 in	KC	 from	ob/ob	mice	 than	 those	 from	
controls	 (Fig.	 1.C,	 1.D,	 1.E).	 Overall,	 these	 results	
show	that	GILZ	expression	is	reduced	in	obesity	 in	
the	whole	 liver	and	specifically	 in	KC.	Of	note,	the	
decreased	 expression	 of	 GILZ	 was	 specific	 to	 the	







rank	 correlation	 test.	 (C)	GILZ	 expression	 in	 KC	 isolated	 from	 the	 livers	 of	
lean	(white	boxes)	and	obese	(black	boxes)	mice	(n=5).	(D)	Selected	details	of	
western	blots	showing	GILZ	and	Lamin	A	expression	in	KC	isolated	from	the	
livers	 of	 obese	 ob/ob	 mice	 and	 lean	 littermates.	 (E)	 Densitometric	
quantification	of	western	blots	showing	GILZ	expression	level	 in	KC	isolated	
form	obese	ob/ob	(black	box)	mice	and	lean	littermates	(white	box).	Results	
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GILZ	 downregulation	 induces	 sensitization	 of	
Kupffer	cells	to	LPS	
The	 increased	 sensitivity	of	 fatty	 liver	 to	 LPS	
depends	specifically	on	the	ability	of	KC	to	secrete	
cytokines	 and	 chemokines	 [1].	 We	 therefore	




Consequently,	 we	 tested	 whether	 the	
decreased	GILZ	 expression	 in	KC	 from	obese	mice	
was	 directly	 responsible	 for	 the	 exacerbated	
sensitivity	 to	 LPS.	 We	 specifically	 inhibited	 GILZ	
expression	 in	 KC	 from	 lean	 mice	 using	 a	 siRNA	




with	 GILZ	 siRNA	 or	 control	 siRNA.	 KC	 transfected	
with	 GILZ	 siRNA	 produced	 more	 CCL-2	 and	 IL-6	
than	 controls	 (Fig	 2.B).	 These	 results	 provide	 a	





in	 KC	 isolated	 from	 livers	 of	 obese	 ob/ob	 (black	 boxes)	 mice	 and	 lean	
littermates	(white	boxes)	(n=4).	(B)	CCL-2	and	IL-6	secretion	after	24	hours	of	




GILZ	 overexpression	 in	 KC	 reduces	 liver	
inflammation.	
Conversely,	we	 tested	whether	 an	 increased	
expression	 of	 GILZ	 in	 KC	 prevents	 liver	
inflammation.	 We	 generated	 transgenic	 mice	
overexpressing	 GILZ	 (GILZ-Tg)	 in	 the	
monocyte/macrophage	 lineage	 under	 the	 control	
of	 the	 CD68	 promoter	 (mainly	 corresponding	 to	
monocytes	 and	 macrophages).	 Two	 independent	
GILZ-Tg	 lines	 (line	2	and	 line	10)	were	used.	Their	
characteristics	 are	 described	 in	 the	 supplemental	
section	 (Supplemental	 Fig.	 S1,	 S2,	 S3,	 S4	 and	
Supplemental	 Table	 1).	 These	 mice	 overexpress	
GILZ	 in	 KC	 at	 the	 mRNA	 and	 protein	 levels	 (Fig.	
3.A).		
	
Figure	 3.	 GILZ	 overexpression	 in	 Kupffer	 cells	 reduces	 obesity-
related	 liver	 inflammation	 in	 mice.(A)	 GILZ	 expression	 in	 KC	 isolated	
from	the	livers	of	non-Tg,	line	2	(L2)	and	line	10	(L10)	GILZ-Tg	mice	(n=3	for	
non-Tg	 mice	 and	 n=5	 for	 GILZ-Tg	 mice).	 Selected	 details	 of	 western	 blots	
showing	GILZ	and	Lamin	A	expression	in	KC	isolated	from	the	livers	of	GILZ-
Tg	 and	 non-Tg	mice.	 (B)	Oral	 glucose	 tolerance	 test	 (OGTT)	 in	GILZ-Tg	 and	
non-Tg	mice	 (n=5)	 (C)	CCL-2	and	 IL-6	expression	 in	 the	 livers	of	 lean	 (white	
boxes)	 and	obese	 (black	boxes)	GILZ-Tg	and	non-Tg	mice	 (n=5-8).	 (D)	 Total	





GILZ-Tg	 and	 control	 mice.	 However,	 glucose	
intolerance	 was	 improved	 after	 an	 HFD-induced	
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GILZ-Tg	mice	were	fed	a	HFD	or	a	control	diet	
during	 16	 weeks	 and	 liver	 inflammation	 was	
assessed.	 Induction	 of	 CCL-2	 and	 IL-6	 expression	
was	 reduced	 in	 the	 liver	 of	 GILZ-Tg	 fed	 a	 HFD	 in	
comparison	with	non-Tg	mice	(Fig	3.C).	Moreover,	
TNFα	 secretion	 was	 also	 reduced	 in	 KC	
overexpressing	 GILZ	 after	 LPS	 challenge	
(Supplemental	 Fig.	 S5.A).	 Of	 note,	 there	 was	 no	
difference	 of	 CCL-2	 and	 IL-6	 expression	 in	 white	
adipose	 tissues	 in	 obese	 GILZ-Tg	 mice	 in	
comparison	 with	 non-Tg	 mice	 (Supplemental	 Fig.	
S2.B,	 S2.C).	 We	 then	 tested	 whether	 GILZ	
overexpression	 drives	 a	 specific	 phenotype	 of	
macrophages	 in	 basal	 conditions.	 As	 BMDM	 are	
recruited	into	the	liver,	we	assessed	the	impact	of	
GILZ	overexpression	in	these	cells,	on	the	secretion	
of	 cytokines/chemokines.	 We	 did	 not	 find	 any	
difference	 in	 TNFα,	 IL-6,	 CCL2	 and	 CCL5	 secretion	
in	 BMDM	 overexpressing	 GILZ.	 However,	 after	 a	
24-hour	 LPS	 stimulation,	 there	was	 a	 decrease	 of	
TNFα,	IL-6	and	CCL5	secretion	in	BMDM	from	GILZ-
Tg	 mice	 (Supplemental	 Fig.	 S5).	 GILZ	
overexpression	 was	 also	 associated	 with	 a	
decreased	number	of	 CD11b+	KCs	 in	GILZ-Tg	mice	

















Decreased	 expression	 of	 the	 GR	 drives	 GILZ	
downregulation	in	Kupffer	cells.	
As	obese	mice	are	more	sensitive	to	LPS,	we	
tested	 whether	 obesity	 may	 also	 alter	 GILZ	
expression	after	 LPS	 challenge.	Twenty-four	hours	
after	LPS	challenge,	GILZ	induction	was	observed	in	
lean	mice	but	not	 in	obese	mice	 (Fig.	4.A).	As	 the	
GR	 controls	GILZ	 at	 the	 transcriptional	 level	 [18],	
we	quantified	GR	expression	specifically	 in	KC	and	
observed	 that	 GR	 mRNA	 level	 was	 decreased	 in	





box)	mice.	 GILZ	 expression	 in	 KC	 isolated	 from	 the	 livers	 of	 control	 (white	
boxes)	and	ob/ob	(black	boxes)	mice	stimulated	with	or	without	DEX	or	LPS	
(n=3-4).	(B)	mRNA	expression	of	the	11ß-HSD1	in	KC	from	control	(white	box)	
and	ob/ob	 (black	box)	mice.	 (C)	Effects	of	GR	 inhibition	on	GILZ	 expression	
level	after	DEX	or	LPS	stimulation	in	lean	mice	(n=4-10).	(D)	GILZ,	CCL-2	and	




stimulate	 GILZ	 expression	 in	 the	 liver	 of	 obese	
mice.	 We	 treated	 obese	 mice	 and	 their	 lean	
controls	 with	 DEX	 and	 recovered	 KC	 four	 hours	
later.	GILZ	induction	was	weaker	in	KC	from	obese	
mice	 than	 in	 controls	 (Fig.	 4.A).	 The	 intracellular	
bioactive	 availability	 of	 GCs	 is	 controlled	 by	 the	
11ß-hydroxysteroid	 dehydrogenase	 type	 1	 (11ß-
HSD1).	We	 therefore	quantified	mRNA	expression	
of	 11ß-HSD1	 in	 KC	 and	 showed	 an	 increased	
expression	 in	 KC	 of	 HFD-mice	 compared	 to	 their	
lean	controls	(Fig.	4.B).	
As	GILZ	induction	was	impaired	in	KC	we	took	
advantage	 of	 the	 GR	 antagonist	 RU486	 to	 test	
whether	 the	weak	GR	 expression	was	 responsible	
for	 the	 impairment	 of	 LPS-induced	 and	 DEX-
induced	GILZ	 stimulation.	 Treatment	 with	 the	 GR	
antagonist	 abolished	 GILZ	 induction	 by	 DEX	 and	
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consequences	 of	 GR	 deficiency	 specifically	 in	
macrophages	 (including	 KC)	 on	 GILZ	 and	 liver	
cytokine	 expression,	we	 used	GRLysMCre	mice.	 GILZ	
expression	level	was	low	in	the	liver	of	these	mice	
whatever	the	given	diet	(HFD	or	control)	(Fig.	4.D).	
HFD-fed	 GRLysMCre	 mice	 had	 a	 higher	 expression	
level	 of	 CCL-2	 and	 IL-6	 in	 the	 liver	 than	 HFD-fed	
controls	(Fig.	4.D).	
Overall,	 these	 results	 demonstrate	 the	 key	
role	of	GR	downregulation	 in	 KC	 in	 the	 control	 of	




Our	 findings	 show	 that	 GR	 and	 GILZ	
expression	 is	abnormally	 low	 in	KC	of	obese	mice.	
The	 decreased	 expression	 of	 the	 GR	 in	 KC	 was	
responsible	 for	 the	 impairment	of	GILZ	expression	
and	 induction.	 Overexpression	 of	 GILZ	 in	 KC	
decreased	 HFD-induced	 insulin	 resistance	 and	
rendered	 the	 liver	 of	 obese	GILZ-Tg	mice	 tolerant	
to	 LPS,	 by	 decreasing	 expression	 of	
proinflammatory	cytokines	and	chemokines	and	by	
decreasing	 infiltration	 of	 lymphocytes	 into	 the	
liver.	 Oppositely,	 invalidation	 of	 GR	 expression	 in	
macrophages	 was	 associated	 with	 liver	
inflammation.	 Thus,	 the	 GR-GILZ	 axis	 in	 KC	 is	 an	
important	 contributor	 to	 the	 pathophysiology	 of	
liver	inflammation	in	obese	mice.	
In	 obese	 patients,	 cortisol	 production	 and	
metabolic	clearance	are	both	increased.	Therefore	
there	 is	 no	 significant	 modification	 of	 circulating	
levels	 [19-21].	 Local	 tissue	 exposure	 rather	 than	
blood	 levels,	 reflects	 cortisol	 action	 [22-24].	
Glucocorticoid	 (GC)	 display	 strong	 anti-
inflammatory	 properties,	 via	 activation	 of	 the	 GR	
[25].	 Contradictory	 results	 have	 been	 obtained	
about	 local	 cortisone	conversion	 to	 cortisol	 in	 the	
liver.	It	has	been	suggested	that	hepatic	activity	of	
11 β	 -HSD1	 was	 reduced	 in	 obesity,	 leading	 to	 a	
decrease	 production	 of	 local	 cortisol	 [26].	
However,	 this	 reduction	 was	 not	 maintained	 in	
type	2	diabetes	[27].	We	have	shown	a	decrease	of	
11 β	 -HSD1	 expression	 in	 KC	 of	 obese	mice.	 11ß-
HSD1	 reduces	 cortisone	 to	 the	 active	 hormone	
cortisol	 that	 activates	 glucocorticoid	 receptors.	
11 β	 -HSD1	 amplifies	 GR	 activation	 by	 converting	
cortisone	to	cortisol.	11β-HSD1	is	highly	regulated,	
within	 a	 physiological	 network	 of	 inflammatory	




loop,	 involving	 a	 decreased	 of	 11ß-HSD1	 and	
orienting	 the	 liver	 towards	 a	 pro-inflammatory	
process.	
Transcriptional	 regulation	 of	 GILZ	 by	 GC	
involves	 interaction	 between	 the	 GR	 and	
glucocorticoid-response	 element	 (GRE)	 sequences	
[16,	18,	28],	six	GRE	being	present	in	the	promoter	
of	 the	GILZ	gene	 [18].	GR	 is	known	to	repress	NF-
κB	 and	 AP-1	 [29,	 30].	 Moreover,	 in	 several	 cells	
types,	GILZ	was	shown	to	prevent	activation	of	NF-
κB	 [10,	 11,	 31-33]	 and	 AP-1	 pathways	 [12].	
Conversely,	 it	 has	 been	 shown	 recently	 that	 GILZ	




In	 septic	 shock,	 GR	 dimerization	 in	
macrophages	was	shown	to	be	critical	 for	survival	
[14].	 Moreover,	 GILZ	 is	 involved	 in	 several	




bivalent	 immune	 organ,	 developing	 an	
inflammatory	 response	 against	 pathogens	 and	 a	
tolerant	 response	 to	 non-pathogen	 digestive	
bacterial	compounds	[39].	We	demonstrate	herein	
that	 impairment	of	GILZ	 expression	 and	 induction	
in	 KC	 from	 obese	 mice	 is	 directly	 linked	 to	 the	
decreased	expression	of	GR	in	KC.	Such	a	decrease	
of	GR	expression	has	already	been	described	in	the	
whole	 liver	 of	 ob/ob	 mice	 but	 has	 not	 been	
specifically	 studied	 in	 KC	 [40].	 Interestingly,	 we	
observed	an	impairment	of	GILZ	induction	not	only	
after	 DEX	 administration	 but	 also	 after	 LPS	
challenge.	Restoration	of	GILZ	expression	prevents	
the	 liver	 inflammatory	 process.	 Interestingly,	 GILZ	
overexpression	 was	 associated	 with	 a	 decreased	
number	 of	 CD11b+	 expressing	 KCs	 which	 are	 the	
main	 source	 of	 pro-inflammatory	 cytokines	 and	
play	 an	 important	 role	 in	 the	 liver	 NKT	 activation	
[41-43].	 Moreover,	 the	 percentage	 of	 bone	
marrow	 macrophages	 expressing	 CD11b+,	 which	
are	 involved	 in	 the	 renewal	 of	 tissue-resident	
macrophages	[41-43],	was	also	decreased,	possibly	
due	 to	 their	 participation	 in	 the	 improvement	 of	
inflammation.	 Of	 note,	 CD11b+	 inflammatory	
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Kupffer	 cells/macrophages	 in	 the	 liver	 are	
recruited	from	bone	marrow	and	may	be	different	
from	 resident	 Kupffer	 cells	 derived	 from	 yolk	 sac	
[44-46].	
	
Figure	 5.	Model	 for	 loss	 of	 liver	 tolerance	 to	 LPS	 by	GR	and	GILZ	
downregulation.	 (A)	 In	 normal	 condition,	 LPS	 activates	 inflammatory	
pathways	(NF-κB	/	AP-1)	via	TLR-4.	LPS	also	induces	GR	expression	in	KC.	GC	
binds	 to	 the	 GR	 which	 interacts	 with	 GRE	 sequences	 and	 induces	 GILZ	
expression.	Together,	GR	and	GILZ	inhibit	the	activation	of	pro-inflammatory	
pathways.	 This	 leads	 to	 a	 physiological	 secretion	 of	 pro-inflammatory	
cytokines	and	chemokines.	 (B)	 In	obesity,	downregulation	of	GR	expression	
impairs	 GILZ	 induction	 by	 GC	 and	 LPS.	 GR	 decreased	 expression	 and	 the	
resulting	weak	expression	of	GILZ	are	insufficient	to	inhibit	the	activation	of	
pro-inflammatory	 pathways.	 This	 leads	 to	 an	 increased	 secretion	 of	 pro-




GILZ	 expression.	 We	 have	 shown	 that	 LPS-
mediated	 GILZ	 induction	 also	 requires	 the	 GR.	 As	
observed	 for	 intestinal	 immunity,	 LPS	 may	
stimulate	GILZ	expression	by	inducing	GC	synthesis	
in	 a	 TNF-α-	 and	 macrophage-dependent	 manner	
[47].	 Moreover,	 it	 has	 been	 shown	 that	 LPS	 can	
induce	 GR	 expression	 in	 mouse	 macrophages	 to	
mediate	 suppression	 of	 endotoxicity	 [48],	 and	 an	
increased	 expression	 of	 GR	 in	 mice	 leads	 to	
resistance	 to	 LPS-induced	 lethality	 [49].	
Conversely,	 in	mice	with	 a	 conditional	 deletion	of	
GR	 in	 macrophages,	 activation	 of	 TLR-4	 by	 LPS	
causes	 increased	 cytokine	 secretion	 and	mortality	
of	 peritoneal	 macrophages,	 thus	 demonstrating	
the	 pivotal	 role	 of	 GR	 in	 the	 anti-inflammatory	
process	[50].		
The	 relevance	 of	 our	 findings	 in	 the	 context	
of	 human	 disease	 is	 suggested	 by	 the	 inverse	
correlation	between	GILZ	expression	 level	and	the	
severity	of	liver	lesions	(NAS).	Overall,	these	results	
suggest	 that	 the	 GR-GILZ	 axis	 in	 KC	 represent	 a	
switch	 for	 inhibition/activation	 of	 obesity-induced	
liver	 inflammation.	 Therefore,	 a	 study	 targeting	
this	pathway	 in	human	 liver	samples,	especially	 in	
patients	with	 an	 important	 inflammatory	 process,	
should	be	carried	out	before	considering	a	clinical	
trial.	
In	 obesity,	 adipocytes	 adapt	 to	 excess	
nutrients	 by	 hypertrophy	 and	 express	
inflammatory	 genes	 similar	 to	 macrophages	 [51].	
LPS	 challenge	 of	 adipocytes	 leads	 to	 increased	
secretion	of	 CCL-2	 and	 IL-6,	 and	direct	 or	 indirect	
interactions	 with	 other	 cell	 types	 including	
lymphocytes	 exacerbate	 these	 secretions	 [52].	
Moreover,	 inflammation	 in	 white	 adipose	 tissue	
inflammation	 involves	recruitment	of	 lymphocytes	
before	 macrophage	 [53].	 Interestingly,	 in	 db/db	
obese	mice,	GR	expression	in	adipose	tissue	is	not	
modified	 compared	 to	 lean	 littermates	 [54].	
Overall,	 these	 observations	 may	 explain	 the	
discrepancy	 in	 GILZ	 expression	 level	 between	 the	
liver	and	white	adipose.	
In	summary,	our	results	demonstrate	that	the	
GR-GILZ	 axis	 in	 KC	 is	 an	 important	 target	 for	 the	
regulation	of	 liver	 inflammation	in	obesity	(Fig.	5).	
In	 lean	 mice,	 the	 GR-GILZ	 axis	 is	 functional	 and	
renders	 the	 liver	 tolerant	 to	LPS	by	 inhibiting	pro-
inflammatory	 pathways.	 However,	 in	 obesity,	
downregulation	 of	 GR-GILZ	 expression	 and	










[1]	 Perlemuter	 G,	 Bigorgne	 A,	 Cassard-Doulcier	 AM,	
Naveau	 S.	 Nonalcoholic	 fatty	 liver	 disease:	 from	
pathogenesis	 to	 patient	 care.	 Nat	 Clin	 Pract	 Endocrinol	
Metab	2007;3:458-469.	
[2]	 Baffy	 G.	 Kupffer	 cells	 in	 non-alcoholic	 fatty	 liver	
disease:	the	emerging	view.	J	Hepatol	2009;51:212-223.	
[3]	 Miele	 L,	 Valenza	 V,	 La	 Torre	 G,	 Montalto	 M,	


















































Gaudin	 F,	 et	 al.	 Toxic	 lipids	 stored	 by	 Kupffer	 cells	
correlates	 with	 their	 pro-inflammatory	 phenotype	 at	 an	
early	stage	of	steatohepatitis.	J	Hepatol	2012;57:141-149.	
[5]	 Wan	YJ,	Morimoto	M,	Thurman	RG,	Bojes	HK,	French	







[7]	 Bigorgne	 AE,	 Bouchet-Delbos	 L,	 Naveau	 S,	 Dagher	 I,	
Prevot	 S,	 Durand-Gasselin	 I,	 et	 al.	 Obesity-induced	
lymphocyte	 hyperresponsiveness	 to	 chemokines:	 a	 new	
mechanism	 of	 Fatty	 liver	 inflammation	 in	 obese	 mice.	
Gastroenterology	2008;134:1459-1469.	
[8]	 D'Adamio	F,	Zollo	O,	Moraca	R,	Ayroldi	E,	Bruscoli	S,	
Bartoli	 A,	 et	 al.	 A	 new	 dexamethasone-induced	 gene	 of	
the	 leucine	 zipper	 family	 protects	 T	 lymphocytes	 from	
TCR/CD3-activated	cell	death.	Immunity	1997;7:803-812.	
[9]	 Berrebi	D,	Bruscoli	 S,	Cohen	N,	 Foussat	A,	Migliorati	
G,	 Bouchet-Delbos	 L,	 et	 al.	 Synthesis	 of	 glucocorticoid-
induced	 leucine	 zipper	 (GILZ)	 by	 macrophages:	 an	 anti-
inflammatory	and	 immunosuppressive	mechanism	shared	
by	glucocorticoids	and	IL-10.	Blood	2003;101:729-738.	
[10]	 Hamdi	 H,	 Bigorgne	 A,	 Naveau	 S,	 Balian	 A,	 Bouchet-
Delbos	 L,	 Cassard-Doulcier	 AM,	 et	 al.	 Glucocorticoid-
induced	 leucine	 zipper:	A	 key	protein	 in	 the	 sensitization	
of	monocytes	 to	 lipopolysaccharide	 in	alcoholic	hepatitis.	
Hepatology	2007;46:1986-1992.	
[11]	 Ayroldi	 E,	Migliorati	G,	Bruscoli	 S,	Marchetti	C,	 Zollo	
O,	Cannarile	L,	et	al.	Modulation	of	T-cell	activation	by	the	
glucocorticoid-induced	 leucine	 zipper	 factor	 via	 inhibition	
of	nuclear	factor	kappaB.	Blood	2001;98:743-753.	
[12]	 Mittelstadt	PR,	Ashwell	 JD.	 Inhibition	of	AP-1	by	 the	
glucocorticoid-inducible	 protein	 GILZ.	 J	 Biol	 Chem	
2001;276:29603-29610.	
[13]	 Gough	PJ,	Gordon	S,	Greaves	DR.	The	use	of	human	
CD68	 transcriptional	 regulatory	 sequences	 to	direct	high-
level	 expression	 of	 class	 A	 scavenger	 receptor	 in	
macrophages	 in	 vitro	 and	 in	 vivo.	 Immunology	
2001;103:351-361.	
[14]	 Kleiman	 A,	 Hubner	 S,	 Rodriguez	 Parkitna	 JM,	
Neumann	 A,	 Hofer	 S,	Weigand	MA,	 et	 al.	 Glucocorticoid	
receptor	 dimerization	 is	 required	 for	 survival	 in	 septic	
shock	 via	 suppression	 of	 interleukin-1	 in	 macrophages.	
Faseb	J	2012;26:722-729.	
[15]	 Martinerie	 L,	 Viengchareun	 S,	 Delezoide	 AL,	 Jaubert	
F,	 Sinico	M,	 Prevot	 S,	 et	 al.	 Low	 renal	 mineralocorticoid	
receptor	 expression	 at	 birth	 contributes	 to	 partial	
aldosterone	 resistance	 in	 neonates.	 Endocrinology	
2009;150:4414-4424.	
[16]	 Asselin-Labat	 ML,	 David	 M,	 Biola-Vidamment	 A,	
Lecoeuche	D,	 Zennaro	MC,	Bertoglio	 J,	 et	 al.	GILZ,	 a	new	
target	 for	 the	 transcription	 factor	 FoxO3,	 protects	 T	
lymphocytes	 from	 interleukin-2	 withdrawal-induced	
apoptosis.	Blood	2004;104:215-223.	
[17]	 Kleiner	DE,	Brunt	EM,	Van	Natta	M,	Behling	C,	Contos	
MJ,	 Cummings	 OW,	 et	 al.	 Design	 and	 validation	 of	 a	
histological	 scoring	 system	 for	 nonalcoholic	 fatty	 liver	
disease.	Hepatology	2005;41:1313-1321.	
[18]	 Wang	JC,	Derynck	MK,	Nonaka	DF,	Khodabakhsh	DB,	
Haqq	 C,	 Yamamoto	 KR.	 Chromatin	 immunoprecipitation	
(ChIP)	 scanning	 identifies	primary	glucocorticoid	 receptor	
target	 genes.	 Proc	 Natl	 Acad	 Sci	 U	 S	 A	 2004;101:15603-
15608.	
[19]	 Strain	GW,	Zumoff	B,	Strain	JJ,	Levin	J,	Fukushima	DK.	




the	 pharmacokinetics	 of	 cortisol	 in	 obesity.	 Int	 J	 Clin	
Pharmacol	Ther	1998;36:501-505.	
[21]	 Stewart	 PM.	 Tissue-specific	 Cushing's	 syndrome	
uncovers	 a	 new	 target	 in	 treating	 the	 metabolic	
syndrome--11beta-hydroxysteroid	 dehydrogenase	 type	 1.	
Clin	Med	2005;5:142-146.	




[23]	 Edwards	 CR,	 Stewart	 PM,	 Burt	 D,	 Brett	 L,	 McIntyre	
MA,	 Sutanto	 WS,	 et	 al.	 Localisation	 of	 11	 beta-
hydroxysteroid	 dehydrogenase--tissue	 specific	 protector	
of	the	mineralocorticoid	receptor.	Lancet	1988;2:986-989.	
[24]	 Stomby	 A,	 Andrew	 R,	 Walker	 BR,	 Olsson	 T.	 Tissue-
specific	 dysregulation	 of	 cortisol	 regeneration	 by	
11betaHSD1	 in	 obesity:	 has	 it	 promised	 too	 much?	
Diabetologia	2014;57:1100-1110.	
[25]	 Rhen	 T,	 Cidlowski	 JA.	 Antiinflammatory	 action	 of	
glucocorticoids--new	mechanisms	for	old	drugs.	New	Engl	
J	Med	2005;353:1711-1723.	
[26]	 Stewart	 PM,	 Boulton	 A,	 Kumar	 S,	 Clark	 PM,	
Shackleton	 CH.	 Cortisol	 metabolism	 in	 human	 obesity:	
impaired	 cortisone-->cortisol	 conversion	 in	 subjects	 with	
central	 adiposity.	 J	 Clin	 Endocrinol	Metab	 1999;84:1022-
1027.	
[27]	 Valsamakis	 G,	 Anwar	 A,	 Tomlinson	 JW,	 Shackleton	
CH,	McTernan	PG,	Chetty	R,	 et	 al.	 11beta-hydroxysteroid	
dehydrogenase	 type	 1	 activity	 in	 lean	 and	 obese	 males	
with	 type	 2	 diabetes	 mellitus.	 J	 Clin	 Endocrinol	 Metab	
2004;89:4755-4761.	
[28]	 Asselin-Labat	 ML,	 Biola-Vidamment	 A,	 Kerbrat	 S,	
Lombes	 M,	 Bertoglio	 J,	 Pallardy	 M.	 FoxO3	 mediates	
antagonistic	effects	of	glucocorticoids	and	interleukin-2	on	
glucocorticoid-induced	 leucine	 zipper	 expression.	 Mol	
Endocrinol	2005;19:1752-1764.	




Robert	O.	et	al	 	 	 	
Journal	of	Hepatology,	accepted	in	november	2015	-	10	
[30]	 Jonat	C,	Rahmsdorf	HJ,	Park	KK,	Gebel	S,	Ponta	H,	et	
al.	 Antitumor	 promotion	 and	 antiinflammation:	 down-
modulation	 of	 AP-1	 (Fos/Jun)	 activity	 by	 glucocorticoid	
hormone.	Cell	1990;62:1189-1204.	
[31]	 Eddleston	 J,	 Herschbach	 J,	 Wagelie-Steffen	 AL,	
Christiansen	SC,	Zuraw	BL.	The	anti-inflammatory	effect	of	
glucocorticoids	 is	 mediated	 by	 glucocorticoid-induced	
leucine	 zipper	 in	 epithelial	 cells.	 J	 Allergy	 Clin	 Immunol	
2007;119:115-122.	
[32]	 Yang	YH,	Aeberli	D,	Dacumos	A,	Xue	 JR,	Morand	EF.	
Annexin-1	 regulates	 macrophage	 IL-6	 and	 TNF	 via	
glucocorticoid-induced	 leucine	 zipper.	 J	 Immunol	
2009;183:1435-1445.	
[33]	 Yang	 N,	 Zhang	 W,	 Shi	 XM.	 Glucocorticoid-induced	
leucine	 zipper	 (GILZ)	 mediates	 glucocorticoid	 action	 and	
inhibits	 inflammatory	cytokine-induced	COX-2	expression.	
J	Cell	Biochem	2008;103:1760-1771.	
[34]	 Hoppstadter	 J,	 Kessler	 SM,	 Bruscoli	 S,	 Huwer	 H,	
Riccardi	 C,	 Kiemer	 AK.	 Glucocorticoid-Induced	 Leucine	
Zipper:	 A	 Critical	 Factor	 in	 Macrophage	 Endotoxin	
Tolerance.	J	Immunol	2015;194:6057-6067.	
[35]	 Cannarile	 L,	 Cuzzocrea	 S,	 Santucci	 L,	 Agostini	 M,	
Mazzon	E,	Esposito	E,	et	al.	Glucocorticoid-induced	leucine	
zipper	 is	 protective	 in	 Th1-mediated	 models	 of	 colitis.	
Gastroenterology	2009;136:530-541.	
[36]	 Beaulieu	 E,	 Ngo	 D,	 Santos	 L,	 Yang	 YH,	 Smith	 M,	
Jorgensen	C,	et	al.	Glucocorticoid-induced	leucine	zipper	is	
an	 endogenous	 antiinflammatory	 mediator	 in	 arthritis.	
Arthritis	Rheum	2010;62:2651-2661.	
[37]	 Hahn	 RT,	 Hoppstadter	 J,	 Hachenthal	 N,	 Diesel	 B,	
Kessler	 SM,	 et	 al.	 Downregulation	 of	 the	 glucocorticoid-
induced	 leucine	 zipper	 (GILZ)	 promotes	 vascular	
inflammation.	Atherosclerosis	2014;234:391-400.	
[38]	 Krzysiek	 R.	 Role	 of	 glucocorticoid-induced	 leucine	
zipper	 (GILZ)	 expression	 by	 dendritic	 cells	 in	 tolerance	
induction.	Transplant	Proc	2010;42:3331-3332.	
[39]	 Crispe	IN,	Giannandrea	M,	Klein	I,	John	B,	Sampson	B,	
Wuensch	 S.	 Cellular	 and	 molecular	 mechanisms	 of	 liver	
tolerance.	Immunol	Rev	2006;213:101-118.	
[40]	 Tsai	 HJ,	 Romsos	 DR.	 Glucocorticoid	 and	
mineralocorticoid	 receptor-binding	 characteristics	 in	
obese	(ob/ob)	mice.	Am	J	Physiol	1991;261:E495-499.	
[41]	 Kinoshita	 M,	 Uchida	 T,	 Sato	 A,	 Nakashima	 M,	
Nakashima	 H,	 Shono	 S,	 et	 al.	 Characterization	 of	 two	
F4/80-positive	 Kupffer	 cell	 subsets	 by	 their	 function	 and	
phenotype	in	mice.	J	Hepatol	2010;53:903-910.	





[43]	 Ikarashi	 M,	 Nakashima	 H,	 Kinoshita	 M,	 Sato	 A,	
Nakashima	M,	Miyazaki	H,	et	al.	Distinct	development	and	
functions	 of	 resident	 and	 recruited	 liver	 Kupffer	
cells/macrophages.	J	Leukoc	Biol	2013;94:1325-1336.	
[44]	 Gomez	Perdiguero	E,	Klapproth	K,	Schulz	C,	Busch	K,	
Azzoni	 E,	 Crozet	 L,	 et	 al.	 Tissue-resident	 macrophages	
originate	 from	 yolk-sac-derived	 erythro-myeloid	
progenitors.	Nature	2015;518:547-551.	
[45]	 Hashimoto	 D,	 Chow	 A,	 Noizat	 C,	 Leboeuf	 M,	 et	 al.	
Tissue-resident	 macrophages	 self-maintain	 locally	
throughout	 adult	 life	 with	 minimal	 contribution	 from	
circulating	monocytes.	Immunity	2013;38:792-804.	
[46]	 Schulz	 C,	 Gomez	 Perdiguero	 E,	 Chorro	 L,	 Szabo-
Rogers	H,	Cagnard	N,	Kierdorf	K,	et	al.	A	lineage	of	myeloid	
cells	 independent	 of	Myb	 and	 hematopoietic	 stem	 cells.	
Science	2012;336:86-90.	
[47]	 Noti	M,	Corazza	N,	Tuffin	G,	Schoonjans	K,	Brunner	T.	
Lipopolysaccharide	 induces	 intestinal	 glucocorticoid	
synthesis	 in	 a	 TNFalpha-dependent	 manner.	 Faseb	 J	
2010;24:1340-1346.	
[48]	 Salkowski	CA,	Vogel	SN.	Lipopolysaccharide	increases	
glucocorticoid	 receptor	 expression	 in	 murine	
macrophages.	 A	 possible	 mechanism	 for	 glucocorticoid-
mediated	 suppression	 of	 endotoxicity.	 J	 Immunol	
1992;149:4041-4047.	
[49]	 Dejager	L,	Pinheiro	I,	Puimege	L,	Fan	YD,	Gremeaux	L,	
Vankelecom	 H,	 et	 al.	 Increased	 glucocorticoid	 receptor	
expression	 and	 activity	 mediate	 the	 LPS	 resistance	 of	
SPRET/EI	mice.	J	Biol	Chem	2010;285:31073-31086.	
[50]	 Bhattacharyya	 S,	 Brown	 DE,	 Brewer	 JA,	 Vogt	 SK,	
Muglia	 LJ.	 Macrophage	 glucocorticoid	 receptors	 regulate	
Toll-like	 receptor	 4-mediated	 inflammatory	 responses	 by	
selective	 inhibition	 of	 p38	 MAP	 kinase.	 Blood	
2007;109:4313-4319.	
[51]	 Cusi	 K.	 Role	 of	 obesity	 and	 lipotoxicity	 in	 the	
development	 of	 nonalcoholic	 steatohepatitis:	
pathophysiology	 and	 clinical	 implications.	
Gastroenterology	2012;142:711-725	e716.	
[52]	 Nitta	 CF,	 Orlando	 RA.	 Crosstalk	 between	 immune	
cells	 and	 adipocytes	 requires	 both	 paracrine	 factors	 and	
cell	 contact	 to	 modify	 cytokine	 secretion.	 PloS	 one	
2013;8:e77306.	
[53]	 Kintscher	 U,	 Hartge	 M,	 Hess	 K,	 Foryst-Ludwig	 A,	
Clemenz	M,	Wabitsch	M,	et	al.	T-lymphocyte	infiltration	in	
visceral	 adipose	 tissue:	 a	 primary	 event	 in	 adipose	 tissue	
inflammation	 and	 the	 development	 of	 obesity-mediated	
insulin	 resistance.	 Arterioscler	 Thromb	 Vascular	
Biol2008;28:1304-1310.	
[54]	 Hirata	 A,	 Maeda	 N,	 Nakatsuji	 H,	 Hiuge-Shimizu	 A,	
Okada	T,	Funahashi	T,	et	al.	Contribution	of	glucocorticoid-















macrophages	 in	 GILZ-Tg	mice	 (Supplemental	 Fig.	
S1.B)	 was	 higher	 than	 that	 in	 non-Tg	 mice.	 To	
assess	the	specificity	of	GILZ	overexpression	in	the	
monocyte/macrophage	 lineage,	 we	 quantified	
GILZ	 expression	 in	 T	 and	 B	 lymphocytes	 isolated	
from	the	spleen.	There	was	no	difference	of	GILZ	
expression	 between	 lymphocytes	 from	 GILZ-Tg	



















C  Line 10 
Non-Tg   GILZ-Tg Non-Tg   GILZ-Tg 
B lymphocytes  T lymphocytes  
Line 2 
Non-Tg  GILZ-Tg Non-Tg  GILZ-Tg 










































































































































































































in	 GILZ-Tg	 mice.	 (A)	 Schematic	 representation	 of	 the	
construct	 injected	 into	 fertilized	 mouse	 embryos.	 (B)	 GILZ	
mRNA	expression	 in	peritoneal	and	 lung	macrophages	from	
GILZ-Tg	 (black	 boxes;	 line	 2	 and	 line	 10)	 and	 non-Tg	 mice	
(white	 boxes).	 (C)	 GILZ	 protein	 expression	 in	 T	 and	 B	
lymphocytes	isolated	from	the	spleen	of	GILZ-Tg	mice	of	line	
2	 and	 line	 10.	 (D)	 GILZ	 mRNA	 expression	 in	 T	 and	 B	
lymphocytes	 isolated	 from	 spleen	 of	 GILZ-Tg	 (black	 boxes;	
line	 2	 and	 line	 10)	 and	 non-Tg	mice	 (white	 boxes)	 (n=5).	 *	
p<0.05	
	
In	 obesity	 GILZ	 expression	 was	 neither	
modified	 in	 perigonadal,	 nor	 subcutaneous	 nor	
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Supplemental	 Figure	 S2.	GILZ	 expression	 is	 not	 altered	 in	
white	adipose	tissue	in	obesity	and	GILZ	overexpression	in	
macrophages	 has	 no	 effect	 on	 white	 adipose	 tissue	
expression	of	CCL-2	and	IL-6.	(A)	GILZ,	(B)	CCL-2	and	(C)	IL-6	
expression	 in	 the	 livers	 of	 lean	 (white	 boxes)	 and	 obese	
(black	boxes)	GILZ-Tg	(line2	and	line	10)	and	non-Tg	mice	in	




of	 GILZ	 in	 macrophages	 may	 decrease	
inflammation	 in	white	 adipose	 tissues	 in	 obesity.	
Therefore	 we	 assessed	 inflammation	 in	 white	
adipose	tissues	from	GILZ-Tg	and	non-Tg	mice	fed	
a	HFD	or	a	control	diet.	CCL-2	 (Supplemental	Fig.	
S2.B)	 and	 IL-6	 (Supplemental	 Fig.	 S2.C)	
expressions	 were	 neither	 decreased	 in	
perigonadal,	 nor	 subcutaneous,	 nor	 mesenteric	
adipose	 tissues.	 These	 results	 demonstrate	 that	
GILZ	overexpression	in	macrophages	was	sufficient	
to	 decrease	 inflammation	 in	 the	 liver	 but	 not	 in	
white	adipose	tissue.	
We	 also	 verified	 that	 the	 high	 level	 of	 GILZ	
expression	 did	 not	 affect	 the	 composition	 of	 the	
lymphocyte	 subsets	 and	 dendritic	 cells	 in	 the	
spleen,	mesenteric	and	skin-draining	lymph	nodes	
(Supplemental	 Fig.	 S3.A,	 S3.B,	 and	 S3.C).	
Lymphocyte	 subsets	 were	 similar	 in	 GILZ-Tg	 and	
non-Tg	mice	(except	for	B	lymphocytes	only	in	line	
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Supplemental	 Figure	 S3.	 Composition	 of	 lymphocyte	
subsets	and	dendritic	cells	in	the	spleen,	mesenteric	lymph	
nodes,	 skin-draining	 lymph	 nodes	 and	 livers	 of	 GILZ-Tg	
mice.	The	composition	of	 lymphocyte	subsets	and	dendritic	
cells	does	not	differ	 (except	 for	B	cells	 in	 the	 liver	of	 line	2	
GILZ-Tg	mice)	between	GILZ-Tg	(black	boxes	;	line	2	and	line	
10)	 and	 non-Tg	 mice	 (white	 boxes)	 in	 (A)	 spleen,	 (B)	
mesenteric	lymph	nodes,	(C)	skin	draining	lymph	nodes,	and	
(D)	 liver	 (n=3-6).	 CD4	 and	 CD8	 percentages	 referred	 to	 the	
CD45+/CD3+	subset.	*	p<0.05;	ns,	not	statistically	significant.	
	
We	 checked	 by	 immunohistofluorescence	 GILZ	
expression	 in	 KC	 in	 GILZ-Tg	 and	 non-Tg	 mice	
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Supplemental	 Figure	 S4.	 GILZ	 expression	 in	 KC	 by	
immunofluorescence.	Representative	fields	of	 liver	sections	
from	GILZ-Tg	mice	and	littermate	mice	fed	with	control	diet	
(upper	 panels)	 or	 with	 HFD	 (lower	 panels).	 Nuclei	 were	
visualized	by	 immunofluorescence	with	DAPI	 staining	 (DAPI	
panels,	 blue).	GILZ	 and	CD68	expression	were	 visualized	by	
anti-GILZ	 (GILZ	 panels,	 red)	 and	 anti-CD68	 (CD68	 panels,	
green)	 Abs.	 Colocalization	 is	 visualized	 in	 merge	 panels	
(double	positive	cells	in	yellow)	(magnification	x1200).	
	










Mouse	weight	(g)	 51.1	±	1.0	 51.1	±	0.8	 50.2	±	0.7	
Liver	weight	(g)	 1.77	±	0.05	 2.05	±	0.27	 1.80	±	0.04	
Liver	/	body	weight	ratio	x	100	 3.47	±	0.03	 4.00	±	0.49	 3.59	±	0.09	
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Supplemental	 Figure	 S5.	 GILZ	 overexpression	 decreases	
profinflammatory	 cytokines/chemokines	 secretion	 after	
LPS	stimulation.		(A)	TNFα	secretion	in	LPS-stimulated	KC	in	
GILZ-Tg	mice	 and	 littermate	mice.	 TNFα	 (B),	 IL-6	 (C),	 CCL-2	
(D)	 and	 CCL-5	 (E)	 secretion	 before	 (white	 boxes)	 and	 after	





Supplemental	 Figure	 S6.	 CD11b	 expression	 in	 KC	 by	
immunofluorescence.	Representative	fields	of	 liver	sections	
from	GILZ-Tg	mice	and	littermate	mice	fed	with	HFD.	Nuclei	
were	 visualized	 by	 immunofluorescence	with	 DAPI	 staining	
(blue).	F4/80,	CD11b	and	CD68	expression	were	visualized	by	
anti-F4/80	 (green),	 anti-CD11b	 (red)	 and	 anti-CD68	 (CD68	








of	 a	 histological	 scoring	 system	 for	 nonalcoholic	 fatty	
liver	disease.	Hepatology	2005;41:1313-1321.	
[2]	 Cohen	 N,	 Mouly	 E,	 Hamdi	 H,	 Maillot	 MC,	
Pallardy	M,	 Godot	 V,	 et	 al.	 GILZ	 expression	 in	 human	
dendritic	cells	 redirects	 their	maturation	and	prevents	





Quantification	of	GILZ	gene	expression	 in	 the	 liver	of	
patients	
Twenty-five	 consecutive	 liver	 biopsies	 from	
obese	patients	were	 included.	Patients	 gave	 informed	
consent	 and	 this	 study	 was	 approved	 by	 the	 INSERM	
Institutional	 Review	 Board	 (IRB).	 To	 be	 included,	 the	
patients	 had	 to	 be	 hospitalized	 in	 the	
hepatogastroenterology	 department	 of	 Antoine	
Béclère	 Hospital,	 Clamart,	 France,	 for	 suspicion	 of	
NAFLD	 or	 in	 the	 department	 of	 surgery	 of	 the	
European	 Georges	 Pompidou	 hospital,	 Paris,	 France,	
for	 bariatric	 surgery.	 The	 inclusion	 criteria	 were	
abnormal	 transaminase	 levels	 or	 steatosis	 at	
ultrasonography	 and	 one	 feature	 of	 the	 metabolic	
syndrome:	 elevated	 fasting	 plasma	 glucose:	 ≥	 100	




mg/dL	 (1.0	 mmol/L)	 in	 men	 and	 <	 50	 mg/dl	 (1.3	
mmol/L)	 in	women,	or	specific	 treatment	 for	 this	 lipid	
abnormality;	 elevated	 triglyceride	 levels:	 ≥	 150	mg/dL	
(1.7	 mmol/L),	 or	 specific	 treatment	 for	 this	 lipid	
abnormality;	waist	circumference	≥	94	cm	for	men	and	
≥	 80	 cm	 for	 women.	 Exclusion	 criteria	 were	 average	
daily	 alcohol	 consumption	 of	 higher	 than	 30	 g	 (pure	
ethanol)/day	for	men	and	20	g/day	for	women	and/or	
history	 of	 excessive	 drinking,	 and	 concomitant	 liver	
disease:	negative	testing	for	hepatitis	B	surface	antigen	
(HBsAg)	 and	 hepatitis	 C	 virus	 (HCV)	 antibodies,	 no	
evidence	of	drug-induced	 liver	 injury,	negative	 testing	
for	 antinuclear,	 anti-smooth	 muscle	 actin,	 anti-liver-
kidney	microsome,	 and	 anti-mitochondrial	 antibodies,	
no	serum	iron	transferrin	saturation	level>45%,	normal	
ceruloplasmin	 and	 α1-antitrypsin	 serum	 levels.	
Patients	 underwent	 a	 transcutaneous	 or	 peroperative	
liver	 biopsy.	 One	 sample	 was	 used	 for	 histological	
assessment.	When	possible,	another	sample,	weighing	
five	 to	 ten	 mg,	 was	 immediately	 frozen	 in	 liquid	
nitrogen	 and	 stored	 at	 -80	 °C	 until	 use	 for	 RNA	
extraction.	 The	 staining	 procedure	 included	
hematoxylin-eosin-saffron,	 Masson’s	 trichrome	 and	





the	 clinical	 and	 biological	 data	 for	 the	 patients.	 The	
scoring	system	published	by	Kleiner	was	used	[1].	
For	 quantification	 of	 GILZ	 expression	 level,	 liver	
was	 homogenized	 in	 QIAzol	 lysis	 buffer	 (Qiagen,	
Hilden,	 Germany)	 with	 a	 Polytron.	 Total	 RNA	 was	
extracted	 using	 the	 RNeasy	 Lipid	 kit	 (Qiagen,	 Hilden,	
Germany)	 according	 to	 the	 manufacturer’s	
instructions.	 The	 DNAse	 step	 was	 performed	 using	
an	RNAse-free	DNAse	kit	(Qiagen,	Hilden,	Germany)	to	
eliminate	 residual	 DNA.	 The	 amount	 of	 RNA	 was	
determined	 from	the	optical	density	measured	at	260	
nm	 with	 a	 spectrophotometer.	 RNA	 was	 amplified	
using	 the	 Message	 Amp	 II	 aRNA	 kit	 (Ambion,	 Austin,	
TX,	 USA).	 Moloney	 murine	 leukemia	 virus	 reverse	
transcriptase	(Invitrogen,	Carslbad,	CA,	USA)	was	used	
to	reverse	transcribe	5	µg	RNA	with	random	hexamers	






lung	macrophages	T	 cells	 and	B	 cells	 from	 spleens	of	
GILZ-Tg	 and	 non-Tg	 mice	 were	 purified	 using	 a	 Facs	
Aria	I	cell	sorter	(BD	Biosciences,	San	Jose,	CA).	
Peritoneal	 and	 lung	macrophages	 were	 purified	
from	 the	 peritoneal	 cavity	 and	 lung	 homogenates	 of	
GILZ-Tg	 and	 non-Tg	 mice	 by	 magnetic	 sorting,	 using	
anti-F4/80	biotin	(clone	BM-8,	eBioscience,	San	Diego,	
CA)	 and	 anti-biotin	 beads	 (Miltenyi	 Biotech,	 Bergish	




Quantification	 and	 phenotyping	 of	 the	 spleen,	
mesenteric	 and	 skin-draining	 lymph	 nodes.	
Lymphocytes	and	dendritic	cells	were	isolated	from	the	
spleens,	 skin-draining	 lymph	 nodes	 and	 mesenteric	
lymph	 nodes	 of	 GILZ-Tg	 and	 non-Tg	 mice,	 by	
homogenizing	 in	 PBS	 and	 filtered	 through	 a	 70μm	
pore-size	 nylon.	 Lymphocytes	 were	 stained	 with	 PE-
conjugated	 rat	 anti-CD4	 monoclonal	 Ab;	 FITC-
conjugated	 rat	 anti-CD8	 monoclonal	 Ab;	 APC-
conjugated	 rat	 anti-CD19,	 mouse	 anti-NK1.1	
monoclonal	Abs;	and	PerCP-Cy5.5-conjugated	hamster	
anti-CD3	monoclonal	Ab	 (Pharmingen,	San	Diego,	CA).	
Dendritic	 cells	 were	 stained	 with	 FITC-conjugated	 rat	
anti-CD11c;	PE-conjugated	anti-MHCII	monoclonal	Abs	
(Pharmingen,	 San	Diego,	 CA);	 and	 APC-conjugated	 rat	
anti-CD86	 (ebiosciences,	 San	Diego,	 CA).	 Results	were	




in	 4μm	 section.	 Slides	 were	 fixed	 for	 5	 min	 with		
paraformaldehyde	 (PFA)	 4%	 washed	 twice	 with	 PBS	
and	 blocked	 for	 30	 min	 in	 a	 solution	 of	 5%	 bovine	
serum	 albumin	 in	 PBS	 for	 30	 min.	 Slides	 were	 first	
incubated	with	a	polyclonal	rabbit	anti-GILZ	(1/200,	sc-
26518,	 Santa	 Cruz	 Biotechnology,	 Santa	 Cruz,	 CA)	
overnight	 at	 4°C,	 washed	 twice	 with	 PBS,	 and	
incubated	 with	 secondary	 Ab,	 anti-rabbit/AlexaFluor	
594	 (1/200,	 A11072,	 Invitrogen,	 Carslbad,	 CA).	 Then,	
slides	were	washed	twice	with	PBS	and	incubated	with	
a	 monoclonal	 rat	 anti-mouse	 CD68/FITC	 (1/200,	
MCA1957F,	 Abd	 Serotec,	 Dusseldorf,	 Germany)	 1h	 at	
room	 temperature,	 washed	 twice	 with	 PBS,	 and	
incubated	with	secondary	Ab,	anti-FITC/AlexaFluor	488	
(1/200,	A11096,	Invitrogen).	For	CD11b	labelling,	slides	
were	 incubated	 with	 a	 Rat	 monoclonal	 Anti-CD11b	
antibody	 (1/200,	 ab8878,	 abcam)	 1h	 at	 room	
temperature,	 washed	 with	 PBS,	 and	 incubated	 with	
secondary	 Ab,	 anti-mouse/AlexaFluor	 594	 (1/200,	
A11020,	Invitrogen,	Carslbad,	CA).	
Mounting	 was	 done	 using	 Vectashield	 medium	
(Vector	Laboratories,	Peterborough,	UK).	 Images	were	
acquired	 on	 a	 Zeiss	microscope	 (Axio	 Imager	 2)	 using	





littermate	 mice.	 The	 cells	 were	 washed	 with	 serum-
free	 RPMI	 1640	 medium	 and	 the	 resultant	 bone	
marrow	 cells	 were	 incubated	 at	 106	 cells/mL	 in	 RPMI	
1640	medium	supplemented	with	15%	L-CSF,	10%	SVF,	
2%	 penicillin/streptomycin.	 KC	 were	 isolated	 and	
cultured	 as	mentioned	 in	 the	manuscript.	 BMDM	and	
KC	were	incubated	in	their	respective	medium	with	or	
without	 LPS	 at	 1	 µg/mL.	 TNFα	 secretion	 was	
determined	 by	 using	 ELISA	 Quantikine®	 kits	 (R&D	
systems	 Europe,	 Lille,	 France)	 after	 24h	 hours	 of	
stimulation.	
	
Quantification	 of	 CD11b+	 bone	 marrow-derived	
macrophages	 Bone	 marrow	 cells	 sorted	 from	 the	
marrow	were	washed	in	PBS	2%	FCS	then	resuspended	
at	 106	 cells	 /	 100µl.	 Bone	 marrow	 cells	 were	 stained	
with	FITC-conjugated	rat	anti-CD11b	(Pharmingen,	San	
Diego,	 CA)	 and	 APC-conjugated	 rat	 anti-F4/80	 (AbD	
Serotec,	 UK).	 After	 permeabilization	 by	 leucoperm	



















Nos	 travaux	montrent	 que	 le	MI	 joue	 un	 rôle	 essentiel	 dans	 la	MAF.	 Le	 but	 de	 ce	
travail	 était	 de	 comparer	 la	 sévérité	 des	 lésions	 hépatiques	 induites	 par	 l'alcool	 chez	 des	
souris	axéniques	et	des	souris	conventionnelles.	
	
Les	 souris	 conventionnelles	 et	 axéniques	 ont	 été	 soumises	 à	 notre	 modèle	
d’alcoolisation	 (Lieber	 DeCarli)	 pendant	 6	 semaines.	 L’alcool	 induit	 des	 modifications	 du	
microbiote	fécal	qui	ont	été	évaluées	chez	les	souris	conventionnelles.	Des	analyses	ont	été	
faites	 sur	 la	 perméabilité	 intestinale,	 la	 stéatose,	 l'inflammation	 et	 les	 sous-ensembles	
lymphocytes	intra-hépatiques	dans	les	deux	groupes	de	souris.	
L’alcoolisation	 de	 souris	 conventionnelles	 a	 confirmé	 que	 l'exposition	 à	 l'alcool	
modifie	le	microbiote	intestinal.	L'augmentation	de	la	perméabilité	intestinale	a	été	associée	
à	la	stéatose	et	l'inflammation	avec	des	modifications	des	sous-ensembles	des	lymphocytes	
intra-hépatiques.	 De	 façon	 intéressante,	 les	 souris	 axéniques	 alcoolisées	 ont	 montré	 une	
diminution	des	différents	paramètres	testés	d'environ	20	%	comparées	à	leurs	homologues	
conventionnels.	En	outre,	les	modifications	des	sous-ensembles	de	lymphocytes	ont	suggéré	
que	 les	 souris	 axéniques	 développaient	 des	 signes	 de	 réponse	 immunitaire	 active	 dans	 le	
foie	par	rapport	à	des	souris	conventionnelles.	
	
Ces	 résultats	 confirment	 que	 la	 consommation	 chronique	 d'éthanol	 induit	 une	
dysbiose	dramatique	 chez	 la	 souris.	 En	outre,	 nous	 démontrons	 que	 le	MI	 est	 activement	
impliqué	dans	la	diminution	de	la	perméabilité	intestinale	et	des	lésions	hépatiques	après	la	
consommation	 chronique	 d'alcool	 par	 un	mécanisme	 qui	 pourrait	 impliquer	 la	 production	
d'éthanol.	L’idée	de	corriger	la	dysbiose	intestinale	et	par	conséquent,	de	réparer	les	méfaits	






















Background	 and	 Aims:	 Recent	 evidences	
suggest	 that	 the	 gut	 microbiota	 plays	 an	
essential	 role	 in	 alcoholic	 liver	 disease.	
The	aim	of	our	study	was	to	compare	the	
severity	of	alcohol	 induced	liver	 lesions	 in	
germ	free	and	conventional	mice.		
Methods:	 Conventional	 and	 germ-free	
mice	 were	 submitted	 to	 a	 Lieber	 DeCarli	
diet	 with	 or	 without	 chronic	 alcohol	
exposure	 for	 6	 weeks.	 Alcohol	 induced	
modifications	 of	 fecal	 microbiota	 were	
assessed	 in	 conventional	 mice.	 Indicators	




Results:	 Alcoholization	 of	 conventional	
mice	 confirmed	 that	 alcohol	 exposure	
modified	 gut	 microbiota.	 The	 increase	 of	
intestinal	 permeability	 was	 associated	
with	 steatosis	 and	 inflammation	 with	
modifications	of	 intrahepatic	 lymphocytes	
subsets.	 Interestingly,	 alcoholized	 germ-
free	 mice	 showed	 that	 for	 the	 most	
parameters	 tested,	 the	 values	 of	 germ-
free	 mice	 were	 about	 20%	 lower	 than	
those	 observed	 in	 their	 conventional	
counterparts.	 Moreover,	 the	 lymphocyte	
subset	modifications	suggested	that	germ-
free	 mice	 developed	 signs	 of	 active	
immune	response	in	the	liver	as	compared	
to	 conventional	 mice	 harboring	 strongly	
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Alcoholic	 liver	 disease	 (ALD)	
remains	 	an	 important	cause	of	morbidity	
and	 mortality	 in	 western	 countries	 [1].	
ALD	can	be	divided	into	three	overlapping	
phases	 with	 distinct	 pathological	 and	
clinical	 features:	 fatty	 liver	 (or	 steatosis),	
which	 is	 reversible	 but	 predisposes	 to	
more	 severe	 liver	 injury	 and	 alcoholic	
hepatitis	 with	 different	 stages	 of	 liver	
inflammation	 and	 severity,	 and	 finally	
fibrosis/cirrhosis.	 Significant	 progress	 has	
been	made	 in	understanding	mechanisms	
contributing	 to	 the	 ALD	 pathology	 	 [2].	
However,	there	are	no	clear	evidence	that	
could	 explain	 why	 among	 patients	 with	
chronic	 alcohol	 consumption,	 only	 some	
of	 them	 will	 develop	 liver	 disease.	
Therefore,	other	 factors	 than	 the	amount	
of	 alcohol	 intake	 play	 a	 role	 in	 the	 onset	
and	progression	of	 the	 liver	 inflammatory	
process.	 Recent	 evidences	 support	 the	
notion	 that	 intestinal	 microbiota	 (IM)	
plays	an	important	role	in	alcohol-induced	
liver	 disease.	 A	 correlation	 between	
endotoxemia	 level	 and	 severity	 of	
alcoholic	 liver	 disease	 has	 been	 reported	
[3-5].	 Alcohol	 intake	 induces	 important	
changes	 in	 the	 gut	 microbiota,	 such	 as	
small	 and	 large	 intestinal	 bacterial	
overgrowth	 [6],	 changes	 the	 bacterial	
composition	 of	 intestinal	 bacteria	 [7]	 and	
a	 dysbiosis-induced	 intestinal	
inflammation	 [8].	 The	 intestinal	
epithelium	 acts	 as	 a	 barrier	 between	
contents	 of	 the	 intestinal	 lumen	 and	 the	
bloodstream.	Additionally	to	its	effects	on	
intestinal	microbiota,	alcohol	consumption	
in	 humans	 and	 animals	 promotes	 a	
concomitant	 disruption	 of	 the	 intestinal	
barrier	 enabling	 bacteria	 and	 their	
pattern-associated	 molecular	 patterns	
(PAMPs),	 to	 enter	 the	 portal	 and	 next	
systemic	 circulation	 [9].	 	 Increased	 gut	
permeability	and	translocation	of	bacterial	
components,	 are	 associated	 with	
increased	level	of	endotoxemia	[10].	From	
bloodstram,	PAMPs	are	transported	to	the	
liver	 where	 they	 directly	 activate	 cellular	
receptors	of	 the	 innate	 immunity	 such	as	
Toll-like	 receptors	 	 (TLRs)	 family		
contributing	 to	 liver	 inflammatory	
responses	 following	 alcohol	 consumption	
[11-14].		
These	 evidences	 support	 the	 notion	 of	 a	
direct	 link	 exists	 between	 IM,	 integrity	 of	
intestinal	 barrier	 and	 liver	 inflammation.	
Despite	 these	 evidences	 the	 precise	 role	
of	 intestinal	 dysbiosis	 in	 alcohol-induced	
liver	 inflammation	 remains	 to	be	defined.	
To	better	decipher	the	contribution	of	 IM	
dysbiosis	 in	 the	 alcohol-induced	 liver	
damage,	 we	 used	 germ-free	 mice	 as	 a	
model.	 Chronic	 alcoholisation	 of	
conventional	 and	 germ-free	 mice	 and	
subsequent	 evaluation	 of	 alcoholic	 liver	
disease	features	allowed	us	to	dissect	the	
effect	of	gut	microbiota	from	the	effect	of	





mice:	 eight	 weeks	 old	 female	 mice	
C57BL/6J	 (Janvier	 laboratory,	 Le	 Genest,	
France)	 were	 pair	 matched	 and	 divided	
into	 two	 groups	 avoiding	 differences	 in	
gut	microbiota	profiles.	Mice	were	housed	
in	 individual	 cages	 throughout	 the	
experiment	in	order	to	monitor	daily	food	
intake	 and	 maintained	 in	 temperature-
controlled	 rooms	 in	 a	 12-hour	 light-dark	
cycle.	 Animals	 were	 given	 ad	 libitum	
access	 to	 diet.	 Animal	 care	was	 provided	
in	 accordance	 with	 National	 Institutes	 of	
Health	guidelines.	
Germ-free	mice:	 8-week	old	 female	 germ	
free	 (GF)	 mice	 from	 the	 strain	 C57BL/6J	
born	and	raised	in	sterile	isolators	from	GF	
breeding	 pairs	 at	 the	 GF	 facilities	 of	
ANAXEM	 (Micalis	 Institute,	 INRA	 Jouy	 en	
Josas,	France)	were	used.	Two	GF	isolators	
were	 used,	 each	 contained	 16	 mice	
housed	in	individual	cages	throughout	the	
experiment	in	order	to	monitor	daily	food	
intake.	 	 Animals	 were	 placed	 in	
temperature-controlled	 rooms	 in	 a	 12-
hour	 light-dark	 cycle.	 Animal	 care	 was	





de-Carli	 (LDC)	 liquid	 diet	 (Supplementary	
Table	 1)	 [15]	by	 a	 gradual	 substitution	of	
regular	 chow	 by	 the	 liquid	 control	 diet.	
LDC	 diet	 contained	 1.0	 Kcal/ml	 of	 which	
35%	 were	 fat	 derived,	 11%	 were	
carbohydrate	 derived	 and	 18%	 were	
derived	from	protein.	After	the	adaptation	
period	 (T1),	 a	 group	 of	 GF	 mice	 (GF-Alc)	
and	 conventional	 mice	 (Cv-Alc)	 were	
adapted	 to	 ethanol	 by	 administration	 of	





GF	 mice	 (GF-Ctrl)	 and	 conventional	 mice	
(Cv-Ctrl)	 were	 pair-fed	 with	 LDC	 control	
diet	 and	 maltotdextrine	 to	 maintain	 an	
isocaloric	 balance.	 Animals	 were	
euthanized	 after	 5	 weeks	 of	 alcohol	
treatment.	 During	 the	 LDC	 diet,	 animals	
did	 not	 have	 access	 to	 drinking	 water.	








collected	 from	 conventional	 and	 GF	mice	
one	 week	 before	 euthanasia.	 At	
euthanasia,	 mice	 were	 anesthetized	 and	
blood	 sample	 was	 collected	 from	 the	
retro-orbital	 sinus	 collected	 in	 EDTA	
containing	 tubes	 and	 was	 centrifuged	 at	
4ºC,	 10000xG,	 10	 minutes	 to	 obtain	
plasma	 that	 was	 kept	 at	 -80ºC	 until	
analysis.	 Then,	 the	 livers	 were	 perfused	
inversely	 to	 the	 normal	 flux	 with	
PBS/EDTA	 (5	mM).	 After	 removing	 blood,	
livers	 were	 excised,	 weighed	 and	 either	
fixed	 in	 buffered	 formaldehyde	 for	
histological	 analysis,	 snap-frozen	 in	 liquid	
nitrogen	 for	 triglyceride	 extraction	 or	
prepared	 for	 the	 characterization	 of	
infiltrating	 inflammatory	 cells.	 Epidydimal	
fat	 was	 dissected	 and	 weighted.	 All	
samples	 were	 stored	 at	 -80°C	 until	 use	
unless	otherwise	indicated.		
	
Alcohol	 in	 urine	 Ethanol	 concentration	 in	
urine	was	measured	 by	 a	 colorimetric	 kit	
(EnzyChrom™	Ethanol	Assay	Kit,	Medibena,	




permeability	 was	 determined	 by	 the	
detection	 of	 a	 4000Da-fluorescent-
dextran-FITC	 (Dx-FITC,	 Sigma-Aldrich,	 St	
Louis,	 Mo,	 USA)	 in	 blood	 as	 described	
elsewhere	 [16].	 Briefly,	 500	 mg/kg	 body-
weight	 Dx-FITC	 was	 administered	 by	
gastric	gavage	to	5	h	fasted	mice	were.	4h	
later,	100	uL	of	blood	were	collected	from	
the	 jaw	 and	 centrifuged	 at	 4ºC,	 12000xg	
for	3	min.	Plasma	was	diluted	 in	an	equal	
volume	 of	 PBS	 (pH7.4)	 and	 the	
concentration	 of	 fluorescein	 was	
determined	 by	 spectrophotofluorometry	
with	 an	 excitation	 wavelength	 of	 485nm	
and	 an	 emission	 wavelength	 of	 535	 nm.	
Standard	curves	were	obtained	by	diluting	




aminotransferase	 (ALT)	 activity	 in	 serum	




flow	 cytometry	 Intrahepatic	 lymphocytes	
were	 isolated	 by	 a	 2-step	 perfusion	
procedure.	 First,	 circulating	 cells	 were	
quantified	and	 their	phenotype	examined	
as	 described	 [17].	 Non	 parenchymateous	
cells	 	 were	 stained	 with	 the	 following	
antibodies:	V500-conjugated	rat	anti-CD45	
monoclonal	 Ab,	 PE-conjugated	 hamster	
anti-CD3	monoclonal	 Ab;	 FITC-conjugated	
rat	 anti-CD8b2	 monoclonal	 Ab;	 APC-
conjugated	mouse	anti-NK1.1	monoclonal	
Ab;	 and	 V450-conjugated	 rat	 anti-CD4	
monoclonal	 Ab	 (Pharmingen,	 San	 Diego,	






Liver	 triglycerides	Portions	of	 frozen	 liver	
from	 mice	 were	 homogenized	 in	
chloroform-methanol	 (2	 :1)	 in	 order	 to	
extract	 total	 lipids	 and	 triglycerides	 (TGs)	
were	 separated	 by	 thin	 layer	
chromatography.	TGs	were	extracted	from	
the	 silica	 plate	 with	 acetone,	 measured	





4%	 paraformaldehyde	 and	 then	
embedded	in	paraffin.	Paraffin	sections	(4-
μm)	 were	 stained	 with	 Hematoxylin	 and	
Eosin	 (H&E).	 Liver	 steatosis	 was	 assessed	
semi-quantitatively	 in	 five	 grades:	 none	=	
0;	 mild	 =	 1	 (1%	 to	 5%	 of	 hepatocytes);	
moderate	 =	 2	 (6%	 to	 32%);	 marked	 =	 3	




composition	 at	 different	 time	 points	 was	
assessed	 by	 Fluorescent	 in	 Situ	
Hybridization	 combined	 with	 Flow	
Cytometry	 (FISH-FCM).	 We	 used	 this	
technique	 because	 it	 has	 been	 recently	
shown	 that	 it	 matches	 well	 with	 results	
from	 phylogenetic	 Microbiota	 Array	 [18]	
when	 known	 bacteria	 are	 targeted.	 We	
therefore	 targeted	 9	 specific	 bacterial	
groups	 representing	 major	 known	
intestinal	 bacterial	 groups.	 Fecal	 samples	
were	collected	from	mice	at	different	time	
points	 and	 fixed	 as	 previously	 described	
[19].	 Fecal	 samples	were	collected	before	
LDC	 diet	 (T0),	 after	 the	 LDC	 adaptation	
period	 (T1)	and	after	5	weeks	of	LDC	diet	
with	 alcohol	 or	 maltodextrine	 (T5).	 A	 set	
of	12	probes	targeting	bacterial	16S	rRNA	
were	 used	 to	 quantify	 the	 relative	
proportion	 of	 intestinal	 bacteria	
(Supplementary	 Table	 2).	 Fluorescent	 in	
situ	 hybridization	 combined	 with	 flow	
cytometry	 was	 performed	 as	 described	
previously	[20].		
	
Statistical	 analyses.	 Results	 are	
represented	 as	 mean±SEM.	 Statistical	
analysis	 were	 performed	 by	 Mann-
Whitney	 and	 Kruskal-Wallis	 tests	
(Graphpad	Prism,	Graphpad	Software	 Inc,	





Conventional	 mice	 were	 divided	
into	two	groups	to	constitute	control	 (Cv-
Ctrl)	 non	 alcoholized	 group	 and	 alcohol	
(Cv-Alc)	 alcoholized	 group	 as	 .	 Because	
each	individual	has	its	own	microbiota	and	




splited	mice	 into	 the	 two	groups	 in	order	
to	minimize	differences	in	the	composition	
of	 the	main	 intestinal	bacterial	 taxa.	Only	
Streptococcus,	 was	 statistically	 different	




We	 next	 measured	 gut	 microbiota	
composition	 after	 LDC	 acclimatization	 (T1).	
As	 expected,	 introduction	 of	 the	 corn	 oil	
enriched	LDC	diet	induced	profound	changes	
in	 gut	 microbiota	 profiles.	 Those	 changes	
were	similar	for	the	two	groups	of	mice	(Fig.	
1B).	 Of	 note,	 we	 observed	 a	 decrease	 of	
Clostridium	 groups	 including	 Clostridium	
coccoides,	 Clostridium	 leptum,	 and	
Clostridium	 difficile	 as	 well	 as	 Mouse	
intestinal	 bacteria	 groups.	 Conversely	 an	
increase	 of	Bacteroides,	 Enterobacteria	 and	
Erysipelotrichi	(Fig.	1C	and	D).	Five	weeks	of	
LDC	control	diet	induced	some	modifications	
of	 bacteria	 species	 without	 major	 changes	
compared	 to	 those	 previously	 described	 in	
murine	 models	 of	 obesity	 except	 for	 the	
group	of	Bacteroidetes	(Fig.	1E)	[20].		On	the	
other	 side,	 gut	 microbiota	 composition	 in	
alcohol	 treated	 mice	 after	 a	 5-week	
alcoholisation	 period	 revealed	 significant	
changes	 in	 most	 of	 the	 analysed	 bacterial	
groups	(Fig.	1F)	indicating	that	alcohol	intake	
induces	 important	 changes	 in	 gut	microbial	
ecosystem	 confirming	 previously	 reported	




muciniphila,	 Erysipelotrichi	 and	 Mouse	
intestinal	 bacteria	 groups.	 Conversely	 we	
found	 a	 decrease	 of	 Clostridium	 coccoides,	
Bacteroides	 and	Enterobacteria	 groups	 (Fig.	
1F).	Therefore,	at	the	end	of	the	study	fecal	
microbiota	 profiles	 were	 significantly	
different	 between	 control	 and	 alcohol	
exposed	mice	(Fig.	2).		
	
Figure	 2	 –	 Dysbiosis	 induced	 by	 the	 alcoholization.	
































































































































































Figure	 1	 -	 Evolution	 of	 gut	
microbiota	 before	 and	 after	
control	and	alcohol	Lieber	DeCarli	
diet.	 (A)	 Microbiota	 profile	 of	 the	
two	groups	of	mice,	control	at	 the	
starting	of	the	experiment	(T0)	and	
after	 one	 week	 of	 Lieber	 DeCarli	
adaptation	 (B).	 (C,	 D)	 Comparison	
of	 microbiota	 profile	 of	 both	
control	 group	 and	 alcohol	 group	
before	and	after	 the	lípid	enriched	
diet	 adaptation.	 (E,	 F)	 Comparison	
of	 microbiota	 profile	 of	 both	
control	 group	 and	 alcohol	 group	
after	alcohol	diet.	t	test,	*p<0.05.		
to	 the	 control	 group	 (Fig.	 3A).	 The	 alcohol	
consumption	 in	 alcohol-treated	 mice	 was	
13.6	 ±	 0.44	 g	 alcohol/kg	 and	 induced	 an	
efficient	 alcoholization	 as	 shown	 by	 the	
ethanol	 urine	 concentration	 (Fig.	 3B).	 We	
also	 confirmed	 that	 alcohol	 consumption	
induced	 an	 increase	 of	 the	 intestinal	
permeability	as	shown	by	the	high	detection	




Figure	 3	 -	 Food	 consumption	 and	 increase	 of	 intestinal	
permeability.	 (A)	Food	consumption.	 (B)	Ethanol	 in	urine	 ,	
metabolic	 cage	 for	 24h.	 (C)	 Intestinal	 permeability	
measured	 by	 plasmatic	 Dextran	 FITC	 after	 4H	 of	 an	 oral	
gavage.		 	




of	 intestinal	 permeability,	 we	 assessed	 the	
development	 of	 liver	 lesions	 in	 alcohol	
exposed	 mice.	 Alcohol	 intake	 induced	 a	
decrease	of	mice	weight	(Fig.4A),	which	may	





(B)	 ovarian	 adipose	 tissue	 weight,	 (C)	 liver	 weight/mice	
weight,	 (D)	 Triglycerides	 quantification	 and	 steatosis	
scoring	of	liver	histology,	(E)	representative	photography	of	
liver	histology,	left	panel;	control	group,	right	panel,	alcohol	




in	mice	 fed	 alcohol	 and	was	 not	 associated	
with	 hepatomegaly	 (Fig.	 4C).	 Mice	 on	
alcohol	 diet	 showed	 greater	 steatosis	 than	
mice	on	control	diet	as	shown	by	the	higher	
triglyceride	 content	 in	 hepatocytes	 and	
histological	 examination	 (Fig.	 4D	 and	 E).	
Histological	 evaluation	 of	 the	 liver	 sections	
showed	 a	 lsignificant	 difference	 in	
inflammation	score	between	two	groups	(Fig.	
4E)	 with	 significantly	 higher	 level	 of	
plasmatic	 transaminases	 in	 mice	 fed	 a	
alcohol	diet	(Fig.	4F).		
	
Alcohol	 induces	 hepatic	 lesions	 in	
the	absence	of	gut	microbiota.		
To	assess	the	extent	to	which	the	gut	
microbiota	 profile	 was	 implicated	 in	 the	
observed	 alcohol-related	 liver	 lesions,	 we	
reproduced	 the	 alcoholization	 experiments	
in	 GF	 mice.	 For	 most	 of	 the	 measured	
parameters,	we	detected	lower	values	in	GF	
mice	 as	 compared	 to	 their	 conventional	
counterparts.	Diet	 consumption	by	GF	mice	
was	 lower	 than	 that	 of	 conventional	 mice	
(Fig.	 5A)	 and	 GF	 mice	 under	 alcohol	 diet	




barrier	 in	 germ	 free	 mice.	 (A)	 Percentage	 of	 alcohol	
consumption.	 (B).	 Urine	 ethanol	 ,	metabolic	 cage	 for	 24h.	
(C)	 Intestinal	 permeability	measured	by	 plasmatic	Dextran	
FITC	after	4H	of	an	oral	gavage.		
	
Mean	 alcohol	 consumption	 of	 GF	
mice	was	12.6	 ±	 0.11	 g	 alcohol/kg,	 and	not	
significantly	 differed	 from	 that	 of	
conventional	alcoholized	mice	(13.1	±	0.24	g	
alcohol/kg)	 .	 However,	 GF	 mice	 under	
alcohol	 diet	 had	 significantly	 lower	 urine	
ethanol	 concentration	 than	 their	
conventional	 counterparts	 (1.53	 ±	 0.18	
mg/mL	vs.	2.33	±	0.34	mg/mL,	p	=	0.05).	As	
expected,	 there	 were	 no	 significant	
differences	in	ethanol	concentration	in	urine	








































































































diet	 than	 in	 control	 GF	 mice	 (Fig.	 5C),	 and	
again	 values	 were	 significantly	 lower	 than	
those	 of	 their	 conventional	 counterparts	
(2115	 ±	 348	 vs.	 5257	 ±	 1408,	 p=0.05).
Conversely	 to	 conventional	 mice,	 alcohol	




weight	 in	 GF	 mice	 under	 alcohol	 diet	 (Fig.	
6B).	F	
As	shown	for	the	conventional	mice,	alcohol	
intake	 induced	 an	 increase	 of	 the	 liver	 to	
body	 weight	 ratio	 (Fig.	 6C)	 with	 both	
parameters	 being	 lower	 than	 in	 the	
conventional	 groups	 of	 mice.	 Triglyceride	
content	 in	 the	 livers	 in	 GF	 mice	 under	
control	 diet	 was	 lower	 than	 that	 in	 their	
conventional	 counterparts.	 In	 contrast,	
alcohol	 diet	 provoked	 a	 significant	 increase	
in	 liver	 triglyceride	 content	 (Fig.	 6D).	
Assessment	 of	 GF	 mice	 liver	 status	 by	
histological	scoring	revealed	a	slightly	higher	
necroinflammation	 score	 in	 GF	 mice	 under	
alcohol	 treatment	 compared	 to	 control	 GF	
mice,	and	the	same	tendency	was	found	for	
liver	 transaminases	 (Fig.6E	 and	 F).	 To	
quantify	 liver	 lymphocyte	 infiltration,	CD45+	
lymphocytes	 and	 intrahepatic	 lymphocyte	
subsets	were	analyzed	by	flow	cytometry	 in	
conventional	 and	 GF	 mice	 (Fig.	 7).	 In	
conventional	 mice,	 no	 differences	 between	
total	 numbers	 of	 CD45+	 lymphocytes	
between	 alcohol	 exposed	 and	 non	 exposed	
mice	was	found	(Fig.	7A).		
However,	 alcohol	 exposure	 was	 associated	
with	 modifications	 within	 intrahepatic	
lymphocytes	 subsets.	 We	 showed	 that	
cytotoxic	 CD8+	 T	 lymphocytes	 were	
decreased	in	Cv-Alc	mice	as	compared	to	Cv-
Ctrl	mice.	Conversely,	percentages	of	CD3+	T	
lymphocytes,	 NKT	 lymphocytes	 and	 NK	
lymphocytes	 were	 increased	 in	 Cv-Alc	mice	
as	 compared	 to	 Cv-Ctrl	 mice	 (Fig.	 7B).	 In	
contrast	 to	 conventional	 mice,	 alcohol	
intake	 in	 GF	 mice	 provoked	 a	 significant	
increase	 in	 the	 total	 pool	 of	 CD45+	
intrahepatic	lymphocytes	(Fig.7C).	Moreover,	

























































































































































we	 found	 striking	 differences	 in	 subsets	
distribution	 between	 alcohol-exposed	
conventional	 and	 GF	 mice.	 As	 shown	 (Fig.	
7D),	GF	mice	subjected	to	alcohol	diet	had	a	
greater	 percentage	 of	 CD3+	 lymphocytes	 as	
their	 conventional	 counterparts	 probably	
mostly	due	to	increased	pool	of	CD8+	T	cells	
(Fig.	 7D).	 In	 contrast,	 alcohol	 exposure	
induced	 decrease	 in	 CD4+	 T	 helper	 cells	
number	 in	GF	mice	but	not	 in	 conventional	
mice.	 In	 contrast	 to	 alcohol-exposed	
conventional	 mice,	 the	 pool	 of	 NKT	




but	 not	 in	 alcohol-exposed	 conventional	
mice.	 These	 data	 strongly	 suggest	 that	 the	
unique	 hepatic	 immune	 system	 is	 strongly	
controlled	 by	 intestinal	 microbiota.	 The	
cellular	characterization	of	liver	lymphocytes	
revealed	 that	 germ	 free	 mice	 subjected	 to	
alcohol	 diet	 had	 a	 greater	 percentage	 of	
CD3+	 lymphocytes	 as	 their	 conventional	
counterparts	(Fig.7D).	
		
Figure	 7	 -	 Intrahepatic	 lymphocyte	 subsets	 after	
alcoholization	of	mice.	Number	of	CD45+	counted	by	gram	
of	 liver	 in	 conventional	 mice	 (A)	 and	 germ	 free	 mice	 (C).	
Percentage	 of	 lymphocytes	 subsets	 after	 alcoholization	 in	
conventional	mice	(B)	and	germ	free	mice	(D).		
	
However,	 they	 had	 a	 lower	 percentage	 of	
CD4+	T	helper	 lymphocytes	and	a	high	 level	
of	 CD8+	 cytotoxic	 lymphocytes.	 NKT	
lymphocytes	and	NK	cells	were	not	modified	
in	 alcoholized	 GF	 mice	 conversely	 to	 what	
we	 observed	 in	 conventional	 mice.	 There	
was	 also	 a	 marked	 reduction	 of	 CD19+	 B	




The	 gut	 ecosystem	 is	 composed	 of	
100	 trillion	 bacteria,	 1-2	 kg	 in	 mass	
inhabiting	 the	 gastrointestinal	 tract.	 It	 is	 a	
highly	diverse	ecosystem	comprised	of	over	
2,000	 distinct	 species	 and	 has	 a	 collective	
genome	of	150-	fold	more	genes	than	those	
of	 the	 eukaryotic	 human	 [21].	 This	 system	
has	also	a	great	metabolic	potential	that	can	
be	compared	to	that	of	an	organ	[22].	Most	
of	 these	 bacteria	 cannot	 be	 grown	 by	
conventional	 culture	 techniques	 and	 thus	
much	 of	 the	 study	 of	 intestinal	 microbial	
ecosystem	 consists	 of	 identifying	 bacterial	
species	 and	 their	 genes	 (microbiome)	 by	
DNA	 sequencing.	 Recent	 studies	 have	
evidenced	 	 great	 impactof	 IM	 on	 host’s	






liver	 lesions.	 Although	 the	 relationship	
between	 alcohol	 and	 intestinal	 microbiota	
has	 been	 recently	 addressed,	 the	 specific	
contribution	 of	 gut	 microbiota	 to	 the	
susceptibility	 of	 alcohol-induced	 liver	
disease	 has	 not	 been	 fully	 defined.	 Recent	
data	 reinforced	 the	 importance	 of	 gut	
microbiota	 in	 alcohol-induced	 liver	 disease	
by	using	conventionalized	GF	mice	subjected	
to	 an	 acute	 alcohol	 consumption	 in	 water	
[24].	 However,	 data	 concerning	 the	 role	 of	
IM	 and	 	 chronic	 alcohol	 intake	 	 by	 using		
germ-free	mice	are	lacking.	
The	 addition	 of	 polyunsaturated	 oil	
to	 alcohol	 intake	 diet	 facilitates	 the	
progression	of	the	liver	injury	in	rodents	[25]	
and	 has	 largely	 been	 described	 as	 an	
efficient	rodent	model	of	alcoholization	[15].	
We	first	used	this	model	for	chronic	alcohol	
consumption	 	 in	 conventional	 mice	 and	
analysed	 the	 impact	 on	 gut	 mirobiota.	
Introduction	 of	 diet	 induced	 a	 similar	
decrease	of	Clostridium	and	MIB	species	and	
a	 similar	 increase	 in	 Bacteroides,	
Enterobacteria	 and	 Erysipelotrichi	 in	 both	
groups	 as	 previously	 reported	 in	 several	
studies	[20,	26,	27].	However,	we	found	that	
alcohol	 intake	 	 provoked	 changes	 in	 all	
detected	 microbial	 groups	 demonstrating	
that	alcohol	intake	dramatically	changes	gut	
microbial	 composition	 as	 demonstrated	 in	
recent	 reports	 [7,	 28].	 Ethanol	 intake	 has	
been	 largely	 related	 to	 an	 increase	 of	
intestinal	 permeability	 both	 in	 humans	 and	
in	 animal	 models	 [29].	 We	 confirmed	 that	
alcohol	consumption	induced	an	increase	of	
the	intestinal	permeability.	Our	model	is	also	
characterized	 by	 alcohol-induced	 liver	
lesions	 classically	 observed	 with	 alcohol	
consumption	 as	 a	 marked	 steatosis	 and	 an	
increase	 of	 liver	 transaminases.	
Lymphocytes	 subsets	 distribution	 was	
modified	 by	 alcohol	 intake	 with	 higher	
intrahepatic	 CD3	 T	 cell,	 NKT	 and	 NK	 cell	
percentages	 induced	 by	 alcohol	 exposure.	
These	 results	 altogether	 indicate,	 as	




	However,	 to	 better	 dissect	 the	
implication	 of	 gut	 microbiota	 in	 intestinal	
barrier	 defects	 and	 liver	 impairment	 after	
chronic	ethanol	intake	we	subjected	GF	mice	
to	 the	 same	 protocol	 as	 used	 for	
conventional	 mice.	 GF	 mice	 represent	
adequate	 model	 for	 exploring	 the	 complex	
interplay	 existing	 between	 the	 host’s	
physiology,	 intestinal	 microbiota	 and	 liver	
immune	system	homeostasis	[30].	
Interestingly,	we	found		that	for	most	
of	 the	 measured	 parameters,	 the	 values	 in	
GF	mice	were	about	20%	lower	as	compared	
to	 their	 conventional	 counterparts	with	 the	
exception	 of	 intestinal	 permeability.	
Intestinal	 permeability	 of	 GF	 mice	 under	
control	diet	was	nearly	 twice	bigger	as	 that	
of	conventional	mice	under	the	same	diet.	It	
has	 been	 previously	 demonstrated	 that	
intestinal	 barrier	 of	 GF	mice	 is	 defective	 as	
these	 mice	 lack	 maturation	 of	 immune	
system	by	 commensal	 bacteria	 at	 birth	 and	
therefore	 they	also	 lack	 the	mechanisms	by	
which	 intestinal	 permeability	 is	 preserved.	
While	intestinal	permeability	in	GF	mice	was	
increased	 under	 alcohol	 diet	 but	 in	
significant	lesser	extent	as	compared	to	their	
conventional	 counterparts.	 These	 data	
strongly	 support	 the	 notion	 that	 the	 gut	
microbiota	 increase	 intestinal	 permeability	
under	chronic	alcohol	intake.		
Germ	 free	 mice	 are	 known	 to	 be	
leaner	 than	 their	 conventional	 counterparts	
and	the	TG	content	in	the	liver	is	correlated	
to	this	lower	weight.	However,	we	observed	
a	 higher	 TG	 accumulation	 in	 the	 liver	 of	
alcoholized	GF	mice.	TG	storage	is	one	of	the	
earliest	 pathological	 changes	 in	 the	
progression	 of	 ALD,	 and	 aldehydes	
participate	 in	 the	 pathogenesis	 through	
modulating	 hepatic	 lipid	 metabolism	 and	
lipid	 homeostasis,	 especially	 by	 increasing	
lipolysis	and	fatty	acid	release	from	adipose	
tissue.	 The	 absence	 of	 microbiota	 which	 is	
able	 to	 metabolize	 a	 part	 of	 alcohol	 in	







in	 the	 absence	 of	 gut	 microbiota.	
Interestingly,	 food	 consumption	 of	 GF	mice	
was	 lower	 than	 food	 consumption	 of	 their	
conventional	 counterparts	 possibly	 due	 to	
their	 lower	 energetic	 requirements	 [33]	
evidencing	 that	 gut	 microbiota	 metabolism	
has	a	direct	impact	on		host’s	total	energetic	
expenses.	 Of	 note,	 the	 alcohol	 intake	 as	
measured	 by	 grams	 of	 alcohol	 per	 gram	 of	
body	 weight	 was	 not	 significantly	 different	
between	the	two	groups	of	alcoholized	mice.	
Also,	while	 ethanoluria	 of	 conventional	 and	
GF	 mice	 under	 control	 diet	 was	 identical,	
after	 chronic	 ethanol	 intake	 conventional	
mice	had	a	30%	higher	ethanol	excretion	 in	
urine	 than	 its	 GF	 counterparts.	 The	
contribution	 of	 microbiota’s	 ethanol	
production	in	liver	diseases	has	been	already	
evidenced	 by	 other	 groups	 demonstrating	
that	 the	 elevation	 of	 blood-ethanol	





ethanol	 consumption,	 GF	 mice	 under	
ethanol	 diet	 did	 not	 show	 an	 increase	 of	
liver	transaminases	although	this	hypothesis	
needs	further	confirmation.		
One	 explanation	 could	 be	 that	 gut	
microbiota.metabolites	 may	 have	 some	
protective	role	on	hepatocytes.	
The	 characterization	 of	 lymphocyte	
subsets	 in	 the	 liver	 of	 conventional	 and	GF	
mice	 revealed	 a	 dramatic	 differences	




note,	 while	 alcohol	 exposure	 	 markedly	
decreased	CD8+	T	cells	in	conventional	mice,	
the	 opposite	 was	 observed	 in	 GF	 mice.	
Alcohol	 exposure	 did	 not	 changed	 the	
distribution	 of	 CD4+	 T	 cells	 in	 conventional	
mice	 but	 significantly	 decreased	 it	 in	 GF	
mice.	 Also,	 we	 found	 an	 increase	 of	 NKT	
lymphocytes	 and	 NK	 cells	 percentages	 in	
alcohol-exposed	 conventional	 mice	 but	 not	
GF	 mice	 [36].	 Finally,	 alcohol	 exposure	
induced	 decrease	 in	 intrahepatic	 pool	 of	
CD19+	 B	 cells	 in	 GF	 mice	 but	 not	 in	




In	 summary,	 the	 present	 study	
evidences	 that	 chronic	 ethanol	 intake	
induces	 a	 dramatic	 dysbiosis	 in	 mice.	 We	
demonstrate	that	the	intestinal	microbiota	is	
actively	 involved	 in	 intestinal	 permeability	
impairment	 and	 in	 liver	 injury	 after	 chronic	
alcohol	 consumption	 by	 a	 mechanism	 that	
might	 also	 implicate	 the	 production	 of	
ethanol.	We	also	demonstrate	that	intestinal	
microbita	 directly	 control	 liver	 immune	
system.	 Our	 data	 suggest	 that	 targeting	
intestinal	 microbiota	 may	 represent	 a	 new	
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Les	 hépatopathies	 métaboliques	 regroupent	 les	 maladies	 non	 alcooliques	 du	 foie	
(NAFLD)	et	les	maladies	alcooliques	du	foie	(MAF)	causées	respectivement	par	l’obésité	ou	








La	 cellule	 de	 Kupffer	 lors	 de	 la	 stéatose,	 étape	 précoce	 de	 la	 NAFLD,	 présente	 une	
dérégulation	de	son	homéostasie	lipidique	qui	participe	à	son	phénotype	pro-inflammatoire	
et	 favorise	 l’inflammation	 hépatique.	 L’impact	 du	 fructose,	 largement	 utilisé	 dans	 notre	
alimentation	 actuelle,	 a	 été	 étudié	 et	 aggrave	 l’inflammation	 hépatique	 lors	 d’un	 régime	
hyperlipidique	 et	 ceci	 est	 associé	 à	 une	 dysbiose	 spécifique.	 Dans	 la	MAF,	 une	 dysbiose	
intestinale,	une	diminution	des	Bacteroides,	a	été	associée	aux	lésions	hépatiques	dans	un	
modèle	murin	 d’alcoolisation.	 L‘utilisation	 de	 traitements	 permettant	 de	maintenir	 cette	







Metabolic	 hepatopathies	 is	 including	 Non	 Alcoholic	 Fatty	 Liver	 Disease	 (NAFLD)	 and	
Alcoholic	Liver	Disease	(ALD)	due	to	an	excessive	consumption	of	alimentation	or	alcohol.	
The	 pathologies	 range	 from	 simple	 steatosis	 to	 aggravated	 forms	 until	 hepatocellular	
carcinoma.	 Other	 factors	 than	 overweight	 or	 alcohol	 abuse	 play	 a	 role	 in	 sensitivity	 of	
patients	 to	 develop	 NAFLD	 or	 ALD.	 The	 aim	 of	 this	 thesis	 is	 to	 clarify	 and	 study	 the	
mechanisms	and	factors	that	lead	to	the	installation	of	inflammation	in	those	pathologies.	
My	 work	 covered	 in	 part	 on	 the	 role	 of	 Kupffer	 cell	 in	 the	 early	 stages	 of	 NAFLD	 and	
secondly	on	the	study	of	intestinal	microbiota	as	a	cofactor	triggering	the	MAF.	
The	Kupffer	cell	role	in	steatosis,	the	early	stages	of	NAFLD,	showed	a	deregulation	of	its	
lipid	 homeostasis	 involved	 in	 the	 pro-inflammatory	 phenotype	 and	 promotes	 liver	
inflammation.	 The	 impact	 of	 fructose,	 widely	 used	 in	 our	 current	 diet,	 was	 studied	 and	
worsening	 liver	 inflammation	 during	 high	 fat	 diet.	 This	 is	 associated	 with	 a	 specific	
dysbiosis.	 In	ALD,	 intestinal	 dysbiosis,	 a	 decrease	 of	Bacteroides,	 leading	 to	 liver	 damage	
has	 been	 established.	 The	 use	 of	 treatments	 to	maintain	 this	 population	 with	 high	
levels	corrected	the	dysbiosis	and	has	protected	animals	against	liver	damages.		
Both	 works	 on	 the	 NAFLD	 and	 ALD	 establish	 MI	is	 a	 promising	 target	 to	 control	 the	
evolution	of	metabolic	liver	diseases	toward	aggravated	forms.	
Université	Paris-Saclay	 		
Espace	Technologique	/	Immeuble	Discovery		
Route	de	l’Orme	aux	Merisiers	RD	128	/	91190	Saint-Aubin,	France		
